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ABACUS-AIR, THE INVESTIGATION OF THE UPPER 
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Abacus. See “Calculating Machines,” § (1) 
(*•)• 

Absorption, Atmospheric : 

Effect of water vapour on. See “ Radia- 
tion,” § (2) (ii.). 

Of Solar Radiation. See ibid. § (1) (i.) 
and § (3) (ii). 

Absorptivity op Dry Air. See “ Radiation,” 
§ (2) (ii). 

Acme Standard Thread. See “ Gauges,” 
§ (47). 

Adding Machines. See “ Calculating Ma- 
chines,” § (7). 

Adiabatic or Isentropio Processes in the 
Atmosphere. Sco “ Atmosphere, Thermo- 
dynamics of the,” §§ ((>), (7), and Sections 
IV., V., VI., and Figs. 15, Hi, 17. 

Adiabatic Lapse op Temperature. Sec 
“ Atmosphere, Physics of,” §§ (3), (5), (0). 
Adiabatic Temperature Gradient op the 
Sea. See “ Oceanography, Physical,” § (40). 

Air : 

Evidence for descent of, when cooled. Sco 
“ Atmosphere, Thermodynamics of the,” 
§(24). 

Flow of, over isobars. See ibid. § (l(i). 
Relation of horizontal and vertical How of. 
See ibid. § (16). 

See also “ Convection,” “ Eviction,” etc. 
Air, Conductivity op. See “ Atmospheric 
Electricity ” § (11). 

Near a thunderstorm. See ibid. § (4). 

Air, Density op, in grm. per litre, tabulated. 
See “ Balances,” Table IV. 

Air, Dry : 

Adiabatic linos for. See “Atmosphere, 
Thermodynamics of the,” Fig. 15. 
Characteristic equation of. See ibid. § (18) 
and Table V. 

Density of. See ibid. § (2). 

Entropy -tem peraturo diagram for. Sec ibid. 

§§ (19), (22). 


Isentropio equation of. See ibid. § (19). 

Physical constants of. See ibid. § (2) and 
Table I. 

Specific heat of. See ibid. § (2). 

Thermodynamic properties of. See ibid. 
IV., Fig. 16. 

AIR, THE INVESTIGATION OF THE 
UPPER 

I. Methods op Investigation — Instruments 
used — The Interpretation op the 
Records 

§ (1) Methods. — About twenty-five years ago 
the late Laurance Rotch of Blue Hill Observa- 
tory, near Boston, U.S.A., started a systematic 
inquiry into the conditions prevailing in the 
free atmosphere. For more than a hundred 
years previously occasional attempts had been 
made to ascertain the electrical conditions, 
the temperature, and the strength of the wind, 
by Franklin, Watson, Glaisher, Archibald 
and others, but the inception of the present 
methods is certainly due to Rotch. 

The matters to which attention has chiefly 
been directed are the chemical composition 
of the atmosphere, its temperature and 
humidity, the velocity and direction of the 
air current, and latterly, since this is of great 
importance for the navigation and safe landing 
of aeroplanes, the height and density of clouds. 

Observations have been obtained in various 
ways, chiefly by the use of kites, captive 
balloons, kite balloons (a combination of a 
kite and a balloon), registering balloons (or 
balloon sondes), pilot balloons, and latterly 
aeroplanes. 

Before describing the instruments used to 
record the temperature and humidity it will 
bo well to notice the means of raising them. 

Laurance Rotch commenced his investi- 
gation with the ordinary flat kite with a tail, 
hold by the best and strongest string obtain- 
able, but he soon discarded these for the box 
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form, of kite, which had been recently invented 
by Hargreaves in Australia, held by steel wire 
in place of the eord, and no doubt he owed 
his subsequent success to the change. He 
also employed a steam engine for winding in. 

Eor many years kites continued to be the 
only practical means of raising self-recording 
instruments into the air, and although they 
are now being superseded by aeroplanes they 
are still used for the purpose. The early 
pioneers in kite flying for scientific purposes 
were subject to many worries and difficulties, 
and were liable, most unwillingly, to inflict 
inconvenience and considerable risk upon their 
neighbours, risks from which they were free 
themselves, with the exception of injury from 
lightning. The chief obstacle to raising a 
kite beyond two or three thousand feet is the 
horizontal force produced* by wind pressure 
upon the retaining string or wire, the mere 
weight of the string is of quite trifling import- 
ance in comparison. Hence the necessity to 
use some material that will have great strength 
combined with small bulk. Steel music wire 
best meets these conditions and has been 
universally employed for kite flying. It can 
be obtained in lengths of six or more miles 
in one piece, and with a diameter of only one 
thirty-second of an inch will stand a tensile 
force of 250 lbs. But it will be readily seen 
that a mile or two of such wire lying across 
roads subject to ordinary traffic may do serious 
harm. Amongst other accidents that have 
occurred may be mentioned the killing of a 
horse by an electric current brought down from 
the conductors of an overhead tramway line. 
This occurred in Germany. In Prance the 
wire lying across a railway became entangled 
between the eccentrics on the driving axle 
of a locomotive, and such a quantity of wire 
became wound round the axle that it rendered 
the engine useless and the train was held up. 

§ (2) Kites. — The kites used in the investiga- 
tion of the upper air require certain character- 
istics some of which are mutually antagonistic, 
so that, as in many other matters, a compromise 
has to be arranged. The danger of dropping 
the wire across a road arises in three ways. 
The wind^may become too light to allow the 
kite to fly*; it may become so strong that the 
kite becomes unstable and dives to the ground ; 
the wire may break near the winch either from 
some injury or a kink having been formed 
in it, or from inability to stand the tensile 
force put upon it by the kites. To fly in a 
light wind a kite must be of light weight, 
and if so, it is not strong enough to stand 
the stress put upon it by a strong wind, but 
becomes deformed and hence unstable. Por 
the first kilometre or so of height the strength 
of the wind is known from the surface wind, 
but the uppermost of a train of kites may 
reach 5 or 6 km., and the wind at such heights 


cannot be inferred with any certainty from 
the surface wind. 

Some form of the box or Hargreave kite 
{Fig. 1) has been used almost universally, but 



Pig. 1 . — Kite used in England. 


the details have been considerably modified by 
the staff at each separate aeronautical station, 
and it is noteworthy that each station has shown 
a decided tendency to keep to its own par- 
ticular kite. Neither is the reason far to seek. 

The peculiarities of a kite, especially the objection- 
able ones, become well known to those who use it, 
and they learn by experience how to deal with them, 
whereas with a strange kite, even though on the 
whole it might be a better one, the accident of drop- 
ping or breaking the wire would quite likely occur 
before the stall were used to the kite. It is a ease 
of the proverb— Better the devil you do know than 
the devil you do not know. It is not possible to get 
a comparison of the goodness of the kites from the 
results obtained at the different stations, partly 
because the suitability of the weather to kite flying 
is widely different in different countries, but chiefly 
because the average height attained is closely 
dependent upon the risk of accident that is habitually 
taken. It is easy to add kites on the line and attain 
a great height, the difficulty is to get back the kites 
and wire uninjured- Although the wire may break, 
the record from the instrument carried is generally 
recovered intact. 

The Hargreave or box kite consists of two 
separate cells. It is like a box with the two 
ends gone, and a piece out of the middle, 
excepting for the main sticks of the frame- 
work, which keep the ends apart. In the 
Continental and American form the cells are 
rectangular with the depth about half or one 
third the width. In the English form the 
section is approximately a rhomboid with the 
short diameter equal to either side. In the 
Cody kite that was used at Aldershot for naan- 
lifting in the years before the war, the cells 
were rectangular, and an addition of large 
wings on the sides of the upper cell was made, 
so that the kite looked much like a large bird. 
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The illustration shows the form of kite that 
was used in England. For full information 
about what can be done with kites the pub- 
lications giving details of the work at Linden- 
burg, Germany, should be read. At this 
station, by means of lutes and captive balloons, 
for a long series of years ascents have been 
made daily without a break. The loss of 
material in the form of kites and wire has 
been large, but excellent series of records have 
been obtained. 

§ (3) Captive Balloons.- — Since a kite can- 
not be raised on calm days, its place lias often 
been taken by a captive balloon. In quite 
calm weather a captive balloon may reach a 
very good height, as it will rise almost verti- 
cally, but any appreciable wind will exert 
a horizontal pressure on it in excess of its 
own lift, thus greatly reducing its height. 
On the return of the balloon it is usual to 
withdraw the gas into a gasometer. But the 
same gas cannot bo used indefinitely. Hydro- 
gen diffuses outwards through the envelope, 
and also it appears that the gases of the atmo- 
sphere diffuse inwards, for after a comparatively 
short time the gas in the gasometer is found to 
have increased in specific gravity, so that it 
will not give the necessary lifting power to 
the balloon, and fresh gas must be supplied. 

§ (4) Kite Balloons. — The kite balloon 
seems to have been first used in Germany. It 
has not been extensively employed in England 
to obtain observations of temperature and I 
humidity, but has been developed for military 
purposes and has given valuable results. It is 
a combination of a kibe and a balloon, so that 
it has the power of rising in a calm in virtue of 
the buoyancy of the light gas it contains, and 
unlike the spherical balloon it will continue 
flying at a good angle in a strong wind on 
precisely the same principle as that on which 
a kite depends. In shape it is somewhat like 
a sausage, being of nt ream -lino form, 1 ho as 
to offer the minimum of resistance when head 
to the wind. There are fins behind and the 
shape is maintained by the air pressure inside. 
The dynamic lift and the stability in wind 
depend on the mode of attachment of the 
bridle as in the ordinary kite. In strong winds 
the lift due to the gas is insignificant com- 
pared to that due to the wind. 

§ (5) R eg ist E unsro Balloons.— Registering 
balloons, or balloon sondes, are small balloons 
made usually of thin sheet-rubber. At average 
pressures and temperatures one cubic foot of 
commercial hydrogen will exert a lift of about 
one ounce, that being the difference between 
the weight of a cubic, foot of air and a cubic 
foot of commercial hyd rogen . TJ ic rubber 
balloons are securely tied up round the neck 
at starting, and assuming that the gas inside 
is at the same temperature as the air outside, 
* Sco “ Aeronautics,” Vol. V“. 


and that the pressure inside is not increased 
to any appreciable extent by the tension of 
the rubber, the ratio of the density of the 
hydrogen to that of the air in which the 
balloon floats remains unchanged with height, 
and hence the same quantity of hydrogen 
gives the same lift- The limit to the height 
reached for balloons of the same kind is 
therefore set by the diameter at which the 
balloon bursts. In this connection the follow- 
ing figures arc of interest. The diameter of 
a balloon is doubled by the expansion of the 
gas inside when it has reached a height of 
KM km., trebled at 24*2, and quadrupled at 
30 km. These figures are for average condi- 
tions of temperature and pressure in the 
south-east of England, and assume that the 
rubber allows no leak of hydrogen during the 
ascent and exerts no pressure on the gas 
inside. Since the weight of a balloon varies 
as the area of the fabric used, that is as the 
square of the diameter, and the lift as the 
cube of the diameter, it is obvious that much 
greater heights will be obtained by increasing 
the size of the balloons. In practice, however, 
the quality of the rubber and the workman- 
ship arc of such importance that they almost 
swallow up for a considerable range the 
question of size. Like a chain the strength 
of a balloon is that of its weakest part, so 
that one defective half inch on one of tho 
many seams is fatal. 

It is not absolutely necessary to use rubber, 
but it has great advantages. It gives a nearly 
uniform rate of ascent from the ground up 
to the highest point reached, and this ensures 
an efficient ventilation of tho thermograph . 
On tho other hand, a paper or gutta-percha 
balloon reaches a height where it is more or 
loss in equilibrium and floats at that height. 
If this occurs in tho day-time the thermo- 
graph is more kill iionced by solar radiation 
than by tho timiperaturo of the air, and tem- 
peratures of 50° 0. too high may he recorded. 
Moreover, a considerable time may elapse 
before tho balloon falls, in which it may drift 
a long distance down the wind, a result that 
in England is likely to lead to its loss in the 
Channel or North Sea. 

The balloons that have been mostly used 
in England have weighed from 9 to 13 ounces, 

; tho load they have to carry is 1} ounces, and 
i the free lift given has been made, as the 
i result of experience, equal to the weight of 
1 the balloon. Thus a total lift of about 2f> 
> ounces, secured by 25 cubic feet of hydrogen, 
l is used. This requires a diameter of 43*5 
5 inches, which is about double the unstretched 
* diameter of the balloon. To reach a height 
: of 1(5*4 km., which was about the average 
5 height for England before tho war, the rubber 
, before giving way must be stretched to four 
times its i:m stretched length in each direction, 
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that is, reduced to of its thickness. It is 
not surprising that good rubber and good 
workmanship are required to make a satis- 
factory balloon. The conditions on the 
Continent are much the same, excepting that 
the meteorograph to be carried up is much 
heavier. This requires a larger balloon and 
the diameter at starting is about 2 metres. 

The meteorograph in England is hung below 
the balloon by a thread of 40 metres length, 
so that it may be free from the wake of hot air 
that will be left by a balloon rising in full sun- 
shine, and it carries a label offering a reward of 
5s. to the finder if he will return it uninjured. 
On the Continent about 90 per cent are re- 
turned, in England many are lost in the sea, 
and only from 60 to 70 per cent are returned. 

§ (6) Pilot Balloons. — A knowledge of the 
velocity and direction of the air currents in 
the higher strata of the atmosphere in all 
conditions of weather is necessary for the 
safe navigation of aeroplanes, but the only 
simple and reliable method is by means of 
pilot balloons, and this method unfortunately 
fails just when it is most wanted, namely, at 
times when low clouds are prevalent. 

Pilot balloons were in use before the war, 
and they have been employed most extensively 
during the war, so that a very large mass of 
information has accumulated and is awaiting 
some one to sift and classify it. There is a 
close connection between the direction and 
strength of the upper winds and the position 
of the isobars on the corresponding weather 
chart, but the finer details are still confused 
and undiscovered. 

A pilot balloon is a small india-rubber 
balloon of about 18" or 2' diameter at starting, 
and weighing about 30 grammes; it is filled 
with hydrogen until somewhat more than 
double its natural diameter, and securely tied 
up. When no leaks develop in the rubber 
it rises with a uniform, or very nearly uniform, 
velocity, and is kept in view in the field of 
one or sometimes two theodolites. It is 
obvious that with one theodolite the only 
observation made is the direction of the line 
of sight; there is no linear dimension to form 
a scale as a basis for determining the velocity. 
This is supplied by assuming a uniform 
ascensional velocity. With two theodolites 
the base line or distance between the theo- 
dolites forms the scale. 

(i.) One-Theodolite Method . — From the results 
of many pilot - balloon ascents made with 
two theodolites and from many direct experi- 
ments in closed buildings such as the 
Albert Hall, where the time of ascent from 
the floor to the ceiling can be measured by a 
stopwatch, a formula has been deduced giving 
the ascensional velocity in terms of the weight 
and the free lift. There are some curious 
anomalies in the motion of a sphere through a 


fluid ; near to certain critical sizes and speeds 
an increase of the load may even lead to an 
increase in the ascensional velocity, and hence 
the formula is only valid for balloons of about 
the usual size. 

The formula is 

V= e L i 7(W+L) :> , 

where q is a constant equal to 84 for V in 
metres per minute or 275 in feet per 
minute, 

L is the net free lift in grammes, 

W is the dead weight of the balloon and 
its attachments in grammes. 

The free lift and the weight are easily 
measured and then the ascensional velocity 
is known, multiplying by the time from the 
start the height is known, and then from the 
observation of the angular altitude and 
azimuth made by means of the theodolite 
the precise position is known, and thus the 
mean velocity and mean direction of motion 
between any two observations is readily 
calculated. The observations are in general 
made at one-minute intervals. 

The assumption made that the ascensional 
velocity is uniform may be justified for still 
air or for air with no vertical motion, but it 
is not true for bright sunny days, since on 
such days convection currents are generally 
present. It has been found that inland the 
balloon rises more quickly in the first kilo- 
metre of its rise than in the subsequent kilo- 
metres, and the following explanation has 
been given. Every rising current of air must 
be compensated by an equal descending current 
elsewhere, and the flow of air near the earth’s 
surface will tend to be from the foot of the 
descending current towards the ascending 
current. A balloon therefore when near the 
earth’s surface will tend to be carried 
by the wind to places where there is an 
ascending current, and this tendency will lead 
to a systematic increase of the ascensional 
velocity. This explanation is confirmed by 
the fact that over the sea the increased rate 
of rising in the first kilometre is not found. 

(ii.) Two Theodolites . — Using two theodolites, 
the exact course of the balloon can theoretic- 
ally be determined ; there is indeed one super- 
fluous quantity for solving the equations 
giving the three co-ordinates of position. 
For if the azimuths of the balloon from the 
two ends of the base line are determined 
the foot of the vertical through the balloon 
is found by solving a triangle with one side 
and all the angles known, and then either 
observation of angular altitude gives the 
height of the balloon. A similar result follows, 
though not so simply if two altitudes and one 
azimuth are observed. 

So long as the distance of the balloon is not 
too large compared with the length of the base 
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line, and especially when the track of the 
balloon is approximately at right angles to 
it, quite exact determinations can be made, 
but this latter condition cannot always be 
secured in practice. Captain Cave, the pioneer 
in work with pilot balloons in England, states 
in his book {The Structure of the Atmosphere 
in Clear Weather, Cambridge University Press) 
that for considerable heights he considers the 
one - theodolite method the more accurate. 
No doubt in the first kilometre or two con- 
vection currents do cause errors, but these 
errors are casual and have a very trifling 
effect upon the means. Also the one-theodolite 
method requires less time to work up the 
observations, a point that may in some cir- 
cumstances bo of considerable importance. 


in the illustration {Fig. 2), and is quite simple 
in principle. The pen carriages run on guides 
parallel to the axis of the drum, which is 
horizontal, and they are moved by light chains 
which are coiled in a groove attached to the 
divided circles of the theodolite. The chains 
are guided by jockey pulleys where required 
and are kept taut by a hanging weight at the 
far end. Thus a change of azimuth, say, 
uncoils a certain amount of one chain and the 
free carriage moves an equal distance parallel 
to the axis of the clock drum. The azimuth 
and altitude at any given time can be read to 
about 10 minutes of arc. 

§ (7) Aeroplanes. — The use of aeroplanes for 
obtaining observations Tip to the height they 
can reach is self - evident, and inasmuch as 



Flo. 2. — Self-wording Theodolite. 


(hi.) The Tail Method . — The plan has been 
adopted in some eases of hanging a visible 
object by a thread of known length and 
observing the angle subtended by the thread 
with a micrometer eyepiece in the theodolite. 
The plan is useful, though it obviously fails 
when the balloon is near the zenith, but the 
difficulty is that the hanging object swings 
about like a pendulum, and hence the observed 
subtended angle is systematically too small 
and also difficult to measure owing to its 
rapid variation. 

(iv.) Self-recording Theodolite . — To reduce the 
number of observers and to obtain continuous 
records instead of observations at one-minute 
intervals a self - recording instrument was 
designed by Mr. J. S. Dines. It is self-record- 
ing in the sense that the. balloon is kept at the 
centre of the cross wires by the observer, while 
the azimuth and altitude angles are recorded 
by two pens using differently coloured inks on 
a long clock drum. The instrument is shown 


they are likely to be used in increasing num- 
bers, so that observations may be a sort of 
by-product, it is probable that they will more 
or less supersede kites and captive balloons. 
Self-recording instruments may be carried by 
an aeroplane, or direct observation of the 
temperature shown by a thermometer can 
be made by the observer. The essential point 
is that the thermometer, whether self-recording 
or otherwise, shall be so carried that it may 
bo uninliuoneed by radiation or the hot gases 
from the engine. 

In the Annual Supplement of the Geo- 
physical Journal for 1!) 18, issued by the 
Meteorological Office monthly, mean tem- 
peratures of the upper air over Martlesham 
Heath and South Earn borough are given. 
The values have been obtained by aeroplanes, 
and the number of ascents combined on which 
they are based at 4-5 km. exceeds two hundred. 

§ (8) METKonoaitATHS. — ■ The instruments 
used for determining the temperature and 
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humidity of the upper air are of various kinds, 
but may be divided into two classes, those 
which use a clock and write on a moving 
surface, and those which simply draw a graph 
showing the temperature and the relative 
humidity in terms of the extension of an aner- 
oid box under the decreasing pressure. The in- 
struments used with kites also mostly give a 
record of the wind velocity. 

The difficulties met with in designing a 
suitable instrument, more particularly for use 
with registering balloons, have been consider- 
able. It must be light, though an extra half- 
pound in the case of kites is not of serious 
import ; it must be capable of bearing rough 
usage and of recording at very low tempera- 
tures. 

The instruments used on the Continent and 
in America, both for kites and for registering 
balloons, are of standard type, but made as 
light as possible. The difficulty of finding an 
ink that will flow at very low temperatures is 
met by using a needle point writing on paper 
or metal foil lightly covered by soot from a 
lamp. The record is set as soon as it is 
obtained by immersion in a thin shellac 
varnish. The clocks are especially made to 
withstand the action of extreme cold on the 
springs. The three pens, pressure temperature 
and humidity, write on the same clock drum, 
but inasmuch as low temperature and low 
pressure must inevitably occur together, con- 
siderable overlapping of these two scales is 
allowed, so as to save length in the clock 
drum. Some five inches in length is given to 
each scale, and this has to cover a range of 
1000 mb. pressure and at least 100° C. of 
temperature. It follows that the temperature 
can be obtained from the chart without 
difficulty to within one degree, but on the 
pressure scale 4 mb. go to one-fiftieth of an 
inch, which is about the limit to which the 
chart can be read at all accurately. With 
the heights that can be reached with a kite 
or aeroplane the range of pressure and tem- 
perature is much less, so that a more open 
scale can be obtained. 

In England different types of instruments 
are in use both for kites and balloons. In 
the kite meteorograph the pens write upon a 
circular disc of stiff paper turning on a pin 
through its centre, instead of upon a sheet 
of paper wrapped round a drum. The disc 
is driven by a small cheap clock, such as used 
to be obtainable for a few shillings, the small 
milled wheel provided to set the hands being 
used to produce a friction drive. The pressure 
and humidity pens writ© on one side and the 
temperature and wind force pens write on the 
other side of the centre. The whole instru- 
ment occupies a shallow flat box about 
3 x 12 x 14 inches, which can be conveniently 
secured in the centre of the kite. 


The balloon meteorograph (Fig. 3) is of 
altogether different construction and has no 
clock. It gives a graph scratched by a sharp 
metal point on a 
silver-plated surf ac e , 
from which under a 
low-power microscope 
the temperature can 
be obtained. A single 
aneroid box is used 
of about 2§ in. in 
diameter, made of 
thin German silver ; 
the box is not ex- 
hausted of air, but 
is sealed up with the 
opposite faces held 
close together. Since 
the metal is thin the 
extension of the box 
depends largely on 
the elasticity of the 
enclosed air rather 
than on the elasticity 
of the metal, and 
thus an open scale 
free from much 
hysteresis is obtained 
with the additional advantage of a light 
box. The box is placed between two levers 
connected at one end by a spring, and as 
the box opens under the decreasing atmo- 
spheric pressure the other ends of the levers 
separate. One lever carries a small metal 
plate the size of a postage stamp, on which 
the record is made, the other carries the arrange- 
ment for the thermograph and hygrograph. 

The thermograph depends on the expansion 
of a thin strip of German silver some four 
inches long compared with that of an invar 
rod. The expansion, or rather contraction, of 
the German silver strip is multiplied up some 
ten times by a light lever of thin steel, the 
far end of which is sharpened and turned 
down to form the scratching point. As the 
aneroid box opens the point is drawn over 
the small plate scratching, if the temperature 
is constant, an arc of a circle. A variation 
of the temperature causes motion of the point 
at right angles to the arc. No pivots are used 
in the construction of the instrument, their 
place being taken by springs. The object of 
the plating is to secure a surface quite free 
from scratches and not readily corrodible, the 
latter requirement being necessary because 
the instrument may have to lie out exposed 
to the weather for a considerable time before 
it is found. Traces have been deciphered after 
a year’s exposure. 

§ (9) Interpretation of the Records. — 
The records of the recording instruments and of 
the observed angles of the theodolites in the 
case of pilot balloons have to be expressed 
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finally as values of the temperature, humidity, 
wind velocity and wind direction that prevailed 
at the various levels at the instant the recording 
instrument or the pilot balloon passed through 
them. The recording instruments give a 
double record, one for the ascent and one for 
the descent, but since as a rule the differences 
are small, it suffices to publish the mean of 
the two. The records of the wind are obtained 
directly in terms of the height, but the records 
of temperature and humidity are obtained 
primarily in terms of pressure, or to be more 
precise, in terms of aneroid box extension, 
which unfortunately is not strictly propor- 
tional to change of pressure, and owing to 
hysteresis lags somewhat behind the change 
of pressure that causes it. 

The following is briefly the method of 
working up the record of a balloon meteoro- 
graph used in England : 

The instrument is calibrated a short time 



Fig. 4, — Copy of Actual Record from a Balloon 
Meteorograph. Enlarged live times. 


before each ascent is made, and the calibration 
marks are made on the same metal plate 
which is to be used for the ascent. These 
marks consist of three lines of equal tempera- 
ture at about 10° C., — 20° 0., and —50° C., with 
cross lines on each temperature mark at 900, 
800, 700— to 100 millibars of pressure. This 
provides 27 standard points of reference 
through or between which the actual trace 
will be made. On recovering the instrument 
after an ascent the first process is to transfer 
these standard marks and the actual trace to 
squared paper. Tins is done under a low- 
power microscope with a micrometer eye- 
piece and a moving stage. The co-ordinates 
are temperature obtained from the micrometer 
and aneroid box extension obtained from the 
motion of the stage, which by means of a 
micrometer screw can be read to *01 mm. 
Then by interpolation the temperature corre- 
sponding to any pressure can be read off from 
the diagram that has been drawn on the 
squared paper. 

The next 'process is to obtain the heights 
from the pressure. This is given by the 
formula A = 6-0674 T log lc (p c /p), where h is the 
height in kilometres, ;> () the surface pressure, 
p the pressure at the height h, and T the 
harmonic mean of the absolute temperatures. 
For heights over which the range of tem- 
perature is not large, the arithmetical mean 


of the temperatures may be substituted for 
the harmonic mean without serious error. 

The computation may be made by means of 
tables, but a graphical process using semi- 
logarithmic paper is the most convenient and 
is accurate to about 1 millibar. 

§ (10) Accuracy of the Observations. — 
There are two independent lines of evidence, 
both of which lead to the conclusion that, when 
it is finally published, the probable error in 
the temperature does not exceed about 1° 0. 
They are, firstly, the good agreement between 
records that are obtained from the same place 
at short intervals of time or from places near 
together at the same time ; and, secondly, from 
the high correlation coefficients which exist 
between the pressures and temperatures. Such 
high correlation coefficients could not be 
found if the error in the measurement of either 
variable were appreciable when compared with 
its standard deviation. With regard to height, 
it is calculated from the pressure. In the first 
few kilometres of height a difference of one 
millibar of pressure corresponds to a difference 
of about 10 metres, but at 20 km. a difference 
of 1 mb. corresponds to about 130 metres, and 
consequently the recorded values of great 
heights are more or less uncertain. 

Full details of the instruments and methods 
used in Great Britain have been published, 
mostly by the Meteorological Office. A list 
is given below. 1 

II. The Temperature Conditions in the 
Upper Air 

§ (11) Temperature and Height. — Ob- 
servations on the temperature and humidity 
of the upper air have been made by means of 
registering balloons in many localities, includ- 
ing a few in the Antarctic by Dr. Simpson, 
and the following is a brief summary of the 
results; but it is only in Europe that the 
observations are at all numerous. 

From sea-level upwards to about three 
kilometres the fall of temperature with 
height, which has latterly come in England 
to be called the “ lapse rate,” is more or less 
irregular, but has on the whole a value of 
rather over 5° C. per kilometre, or 3° F, per 
1000 feet. In the first kilometre it depends 
greatly upon local conditions, upon whether 
the day be clear or cloudy, upon whether the 
time be early morning or afternoon, and, on 

1 Meteorological Office* — 

M.O. 202. 

M.O. No. 210, Geophysical Memoirs , No. 0. 

M.O. 223, Section 11, The Computer's Handbook . 

Do., Subsection 1. 

Do., Subsection 1 (continued). 

M.O. 232 j, Professional Notes , No. 10. 

“Second Report on Wind Structure/' by J. S. 
Dines, Technical Report of the Advisory Committee j or 
Aeronautics , 191 0—1 1 . 

Q.J.R. Met . Soc. , vol. xxxix. No. 100, “ Rate of 
Ascent of Pilot Balloons." 
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the coast, upon whether the wind is from the 
shore or off the sea. In spring and summer 
on sunny days the lapse rate in the afternoon 
for the first kilometre will generally be as large 
as 9° or 10° C. But, on the other hand, between 
sunset and sunrise on clear nights the tempera' 
ture at one kilometre height will probably be 
higher than that near the ground. These 
discrepancies are due to the fact that the 
diurnal change of temperature, due to the 
sun’s heat by day and absence at night, 
is very shallow and does not, as a rule, 
extend to any appreciable extent much over 
one kilometre. Thus the conditions which 
govern the temperature close to the ground 
are quite different to those which prevail 
higher up. 

Inversions, as they are called — that is to 
say, cases in which the temperature increases 
with height — are common in the lower strata ; 
they are generally found in anticyclonic 
regions and are perhaps permanent in places 
where the surface temperature is very low, 
as in Canada, Siberia, or the Antarctic in 
winter. 

From three kilometres and upwards to a 
height which depends on the latitude, but is 
for Europe about 10*5 km., a lapse rate of 
from 6° to 7° C. per kilometre is found and 
inversions of temperature are rare. All this 
part of the atmosphere in which a lapse rate 
is found is called the troposphere. Above it 
up to the greatest height to which sufficient 
observations have been made — that is, to 
about 20 km. (12J miles) — the temperature 
does not change much with height, although 
it may vary through 20° C. or more with time. 
This part of the atmosphere is called the 
stratosphere. The boundary between the 
two is in general sharply defined, and often 
there is an inversion at the boundary. 

The thickness of the troposphere is subject 
to large variation both in time and space. 
In the equatorial regions it is about 16 km. 
There are not enough observations to allow 
a very precise value to be given. For latitude 
50° over Europe the value is 10*5 km., for 
Scotland and Petrograd a little under 10 km. 
So far as is known the value depends on the 
latitude and not at all on the longitude. 
This refers to average values. The changes 
with time are of two kinds in temperate 
latitudes. There is an increase in summer 
and a decrease in winter, the range being 
nearly proportional to the range in the 
surface temperature. Thus in Canada the 
annual range is some 4 km. ; in England, 
though well marked, it is less than 2 km. 
The other change occurs with changing types 
of weather. The troposphere is thick over 
anticyclonic areas, thin over cyclonic areas. 
Thus in England, over a deep cyclonic depres- 
sion the value may be as low as 7-5 km., and 


over an anticyclone as high as 12*5 km. 
The variations due to pressure are much 
larger than those due to change of season. 

The changes of temperature are as follows : 
In the troposphere there is a seasonal change 
of temperature, so that the lapse rate is the 
same with the exception mentioned above 
both summer and winter. The changes with 
barometric variation are such that the tropo- 
sphere is cold over a cyclonic area and warm 
over an anticyclonic. The' seasonal change 
in the stratosphere over Europe is in the 
same sense but greatly reduced in magnitude ; 
over Canada (Toronto) the stratosphere 
seems to be coldest in the summer, warmest 
in the winter. With barometric changes the 
conditions in the troposphere and stratosphere 
are inverted ; the stratosphere is warm over 
the cyclone, cold over the anticyclone. With 
change of latitude the troposphere is naturally 
warmer as we go towards the equator, but the 
reverse is the case with the sti'atosphere. In 
low latitudes at 17 km. the temperature is 
as low as 193° a, —80° C., the lowest natural 
temperature ever recorded on the earth ; 
over Scotland and Petrograd it is 223, - 50° G., 
and the rise of temperature with increasing 
latitude is plainly apparent from the observa- 
tions from places so near together as London, 
Manchester, and Scotland. 

The changes of temperature between the 
troposphere and stratosphere are conveniently 
summed up in the statement that the mean 
temperature of the air column taken with 
regard to height from the ground to 20 km. 
is very nearly constant both with regard to 
change of latitude and change of barometric 
conditions ; when the bottom is cold the top 
is warm, and conversely. Since the pressure 
at 20 kin., calculated from the surface pressure, 
depends chiefly on the mean temperature of 
this air column, it follows that whereas at 
the height of the homogeneous atmosphere, 
viz. 9 to 10 km., there are large differences 
of pressure from place to place and time to 
time, at 20 kilometres there is a very great 
uniformity. 

Except near the earth’s surface there is 
very close correlation between the pressure 
and the temperature of the air, but with the 
same exception it is strange to find little or 
no correlation between the direction of the 
air motion and the temperature. However, 
there is not space to discuss the question 
here. 

The following table gives the mean tempera- 
tures in absolute measure, the mean pressure 
in millibars and the mean densities in grammes 
per cubic metre. It is taken from The 
Characteristics of the Free Atmosphere, M.O. 
220 C, which can be obtained from the 
Meteorological Office and which contains 
further information on the subject. 
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Height in 

England (South-east) . 

Europe. 

Canada (Toronto). 

Equator 


Kilometres. 

T. 

P. 

r>. 

T. 

P. 

D. 

T. 

P. 

D. 

T. 

P. 

D. 

20 

219 

55 

87 

219 

55 

87 

214 

54 

88 

193 

53 

96 

19 

219 

64 

102 

219 

64 

102 

215 

63 

102 

193 

63 

113 

18 

219 

75 

119 

219 

75 

319 

214 

74 

121 

193 

75 

135 

17 

219 

88 

139 

219 

88 

139 

211 

87 

144 

193 

90 

162 

16 

219 

102 

162 

219 

102 

162 

211 

102 

169 

195 

107 

191 

15 

219 

120 

191 

219 

120 

191 

211 

120 

198 

198 

128 

225 

14 

219 

140 

223 

219 

140 

OOQ 

212 

142 

233 

203 

152 

261 

13 

219 

164 

261 

219 

164 

261 

214 

167 

268 

211 

178 

294 

12 

219 

192 

305 

218 

192 

307 

216 

195 

314 

219 

209 

331 

11 

220 

224 

355 

219 

225 

358 

219 

228 

365 

227 

244 

374 

10 

222 

261 

409 

222 

262 

411 

223 

266 

415 

235 

283 

419 

9 

228 

303 

463 

227 

305 

467 

229 

309 

470 

243 

327 

469 

8 

234 

352 

524 

233 

353 

528 

236 

358 

528 

251 

376 

522 

7 

241 

407 

589 

241 

408 

590 

243 

413 

592 

258 

430 

581 

6 

248 

469 

658 

248 

470 

661 

251 

475 

662 

265 

491 

645 

5 

255 

538 

735 

255 

538 

735 

258 

543 

733 

272 

558 

714 

4 

202 

615 

819 

261 

614 

819 

264 

618 

815 

279 

632 

789 

3 

268 

699 

909 

267 

699 

913 

270 

703 

905 

285 

713 

871 

2 

273 

795 

1014 

272 

794 

1017 

275 

798 

1011 

290 

803 

968 

1 

278 

900 

1128 

277 

899 

1128 

278 

903 

1134 

295 

903 

1067 

0 

282 

1014 

1253 

281 

1014 

1258 

282 

3017 

1258 

300 

1012 

i 

1174 


w. h. :d. 


Air, Moist : 

Characteristic equation of. See cc Atmo- 
sphere, Thermodynamics of the,” § (20) 
and Table Y. 

Entropy-temperature diagram for. See ibid . 

§ (22) and Figs . 10, 17. 

Indicator diagram for. See ibid. § (23) and 
Fig . 17. 

Isentropio equation of. See ibid. § (21). 
Physical constants of. See ibid. § (2) and 
Table I. 

Thermodynamical properties of. See ibid. V. 

Aircraft, meteorological instruments for 
use in. See ce Meteorological Instruments,” 
VIII. 

Air-eartii Current. See <c Atmospheric 
Electricity,” § (10), 

Air-meter : an instrument designed to 
measure the flow of air. Sec 66 Meteoro- 
logical Instruments,” § (18). 

Airy’s Table : a numerical relation suggested 
by Sir George Airy in 1867 as the basis 
of conversion from pressures to heights. 
See “ Barometers and Manometers,” § (16) 
(iii.). 

Albedo : a word used to denote the amount 
of reflected light. The light of the sun 
reflected by the moon is known as the 
albedo of the moon. 

Albedo of cloud. See “ Meteorological 
Optics,” § (16) (iv.). 

Alcohol. Specific gravity < >f alcohol and 
water mixtures. See cc Alcoholometry,” 
§ (4). 


ALCOHOLOMETRY 

§ (1) Introductory. —I n the days of the 
alchemists various rough-and-ready methods 
were employed for testing the strength of 
spirits. Thus Lully directs his readers to 
moisten a piece of cloth with aqua vitae and 
apply a lighted taper : if the cloth ignited, the 
spirit was to be regarded as aqua vitae rectificata , 
or strong spirit. Another method was to pour 
oil into the spirit ; if the latter were strong, 
it floated on the surface of the oil ; if weak, it 
rested beneath the oil. Basil Valentine, in 
the fifteenth century, described a mode of 
testing alcohol by deflagration. He judged 
the strength of aqua vitae by igniting a certain 
volume of it ; if the whole burned away it 
was pure spirit ; if more than half burned off, 
the spirit was strong ; if less than half, it was 
weak, and needed further rectification. 

After the introduction of gunpowder the 
“ proof ” test came into use. It was performed 
by moistening a little powder with the alcohol 
and applying a light. Rapid combustion 
implied a “ high proof ” spirit ; failure to 
burn, or burning only with difficulty, indicated 
a weak alcohol ; whilst if the mixture burned 
steadily but slowly, the spirit was regarded 
as “ good, rightful!, and of vortuo.” The 
formation of bubbles or “ beads ” when the 
spirit was shaken in a glass vessel, and the 
length of time during which the bubbles 
persisted, gave to a practised observer a 
rough idea of the strength of a spirit (Preuve 
d? Holland). This test is occasionally used, in 
default of better means, even at the present 
day. 
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In the year 1666, some friction arose between 
importers of French brandy and the customs 
officials of this country as to the rate of duty 
chargeable on the liquor. There were two 
rates, 4d. per gallon and 8d., for liquors of 
different qualities, and the revenue officials, 
guided by the sense of taste in levying the 
duties, decided that French brandy ought to 
pay the higher amount. This decision was 
contested by the importers, but was eventually 
ratified and made statutory by an Act passed 
in 1670. Presently, however, fraudulent 
merchants attempted by various devices to 
disguise the real strength of their brandies, 
so that other tests besides that of taste had 
to be resorted to, and recourse was had to those 
mentioned above. But the tests were crude, 
and the results often capricious; and with 
the increasing importance of alcohol taxation 
the need for better methods of evaluation 
became more and more apparent. Towards 
the close of the century, therefore, a good deal 
of attention was devoted to the question of 
obtaining an areometer or hydrometer suitable 
for testing spirits, since the use of this instru- 
ment appeared to offer an easy and accurate 
method of appraising alcoholic strengths. 
Boyle, who seems to have been the first 
to apply the principle of the hydrometer 
to the testing of distilled liquors, had 
described his instrument in 1675. 1 After 
various improvements, the hydrometer came 
into use for revenue purposes in the early 
part of the eighteenth century, as described 
below. 

§ (2) Spirit Balances. — At first the hydro- 
meter appears to have been, employed in a 
qualitative way, as an adjunct to the oil and 
gunpowder tests for distinguishing between 
different liquors, rather than for the actual 
estimation of alcoholic strength. For this latter 
purpose various kinds of u spirit balance ” were 
introduced. Desaguliers 2 remarks that “ the 
hydrometer has only been used to find whether 
any one liquor is specifically heavier than 
another, but not to tell how much, which 
cannot be done without a great deal of trouble 
even with a nice instrument. The hydro- 
statical balance has supplied the place of 
the hydrometer, and shows the different 
specific gravities of fluids by a very great 
exactness.’ ’ 

Special forms of the balance were devised 
for testing spirits. Ramsden’s “balance 
hydrometrique ” (1792) was one of the first 
of these : other forms were Hooke’s, Millar’s, 
Murray s, and a tc statical liyd.ro meter 5 5 in- 
troduoed by Adie. Some of these instruments, 
as Hooke’s and Adie’s, determined spirit 
strengths from specific gravity on the principle 
of weighing a “ sinker ” in the spirit. Thus 

1 Phil. Trans, x. 329. 

a Ibid., 1730, xxxvi. 277. 


Hooke’s “ poise ” was a large pear-shaped 
glass bulb, equal in volume to about one -third 
of a gallon ; this,, bung from one arm of a 
balance, was placed in the spirit, and counter- 
poised ; the weight required indicated the 
strength of the liquor. Others were, essenti- 
ally, a simple form of balance in which a 
vessel was suspended from one arm of a pivoted 
beam, and counterbalanced by a sliding weight 
on the other arm. Spirit strengths were found 
by comparing the weight of spirituous liquor 
which the vessel would hold with the weight 
of its water-content. In some instruments 
the beam itself was graduated to show various 
alcoholic strengths directly. In Murray’s 
balance the weight was fixed, and the vessel 
containing the spirit was movable along the 
beam to points which showed “ proof ” and 
strengths “ under ” or “ over ” proof, as the 
case might be, when equilibrium was estab- 
lished. These earlier forms of spirit-balance 
do not appear to have been in general use for 
commercial spirit-assaying. They were em- 
ployed, rather, in special cases, and for pur- 
poses of checking, where more accurate results 
than those given by the hydrometer were 
required. Thus in 1790 we find Blagden 
(Report to Royal Society) advising that a 
balance should be supplied to each important 
centre where alcohol duties were collected, in 
order to settle any disputes which might 
arise between the trading community and the 
revenue officials. Later, the well-known 

Mohr hydrostatic^ balance came into use 
for ascertaining the specific gravities of liquids, 
and this instrument., or the l - West pi ml ” 
modification of it, is frequently employed 
for alcohol determinations at the present 
day. 

Meanwhile, however, various investigations 
had been in progress, with the object of 
determining the true specific gravity of alcohol 
and of its aqueous solutions on the one hand, 
and of perfecting the hydrometer on the ot her. 
Attention must now be given to the results of 
these inquiries. 

§ (3) Contraction. — When alcohol and 
water are mixed, a rise in the temperature of 
the liquid occurs, and on cooling the mixture 
to the original temperature there is found to lie 
a contraction of the total volume. The specific 
gravity of the mixture, therefore, is greater 
than the arithmetical mean of the specific 
gravities of the two constituents. The amount 
of contraction depends upon the relative pro- 
portions of the two liquids. Calculated as a 
percentage on the sum of the initial volumes, 
the maximum contraction is given by a mixture 
containing one molecule of alcohol and throe 
molecules of water, the amount of the eon- 
traction being then 3-64 per cent at l/»-f>(»" (!. 
Or, expressed in another manner, the maximum 
contraetion is obtained by mixing f>2 volumes 
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of alcohol with 48 volumes of water, and the 
volume of the resulting mixture (at 20° C.) is 
96-3 instead of 100. 

When 100 c.c. of alcohol, at 15*56° C., are 
mixed with increasing quantities of water, the 
maximum amount of contraction, 9*08 c.c., is 
reached when the mixture corresponds with 
one molecule of alcohol to eight molecules of 
water. This is to be distinguished from the 
maximum percentage contraction mentioned 
above. 

The results of a series of experiments are 
shown in the subjoined table (J. Holmes) : 

Table I 


Contraction of Alcohol-Water Mixtures. 
Temp. 15*56° C. 


Mixture. 
One Mol. 
Alcohol to 

. .... 

Actual Con- 
traction : Initial 
Volume of 
Alcohol 100 c.c. 

Percentage Con- 
traction, calculated 
on Bum of Initial 
Volumes. 

^ mol. water 

1-21 c.c. 

0*99 

i 

3-79 „ 

2*89 


7 03 „ 

3*64 

0 

8-87 „ 

3*09 

8 

9 08 „ 

2-61 

12 

8-78 „ 

1*86 

20 „ 

7-88 

1*09 ' 


On account of the irregularities in the 
amount of contraction shown by mixtures of 
alcohol and water, the specific gravities of 
such mixtures cannot be calculated accurately 
from a knowledge of the proportions of water 
and alcohol present. In constructing specific 
gravity tables for aqueous alcohol, therefore, 
it is necessary to determine the specific 
gravities by actual experiments on a series of 
mixtures having a known composition, and 
differing only so much as will allow of inter- 
mediate values being interpolated with a 
sufficient degree of accuracy. 

§ (4) Specific Gravity of Alcohol, and of 
Alcohol- Water Mixtures. — The founder of 
alcoholoinetry was George Gilpin, clerk to the 
Royal Society in the latter part of the eight- 
eenth century. Dissatisfaction having arisen 
over the processes in use for assessing the 
amount of duty payable on spirits, the Govern- 
ment of the day applied to the Society for 
assistance in the matter. Dr. Chas. Blagden, 
the secretary, helped to arrange experiments, 
and in 1790 presented a “ Report on the best 
method of proportioning the Excise on Spiritu- 
ous Liquors.’ 5 1 It was recognised that “ no 
method can be accurate except one based upon 
specific gravities ” ; and the experiments conse- 
quently took the form of determining the 
specific gravities of a long series of mixtures 
containing known weights of “ alcohol ” and 

1 PhiL Trans., 1700, lxxx. 321. 


water. The experiments, commenced by a 
Swiss chemist, Dr. Dollfuss, were carried out 
by Gilpin, who in 1794 presented the results 
in a set of “ Tables for Reducing the Quan- 
tities by Weight, in any mixture of pure 
Spirit and Water, to those by Measure ; 
and for Determining the Proportion, by 
Measure, of each of the two Substances in 
such Mixtures.” 

The “ alcohol ” used by Gilpin had the 
specific gravity 0*82514 at 15*56°/15*56° C. It 
would contain, therefore, only 88*97 per cent 
by weight of absolute alcohol. Determina- 
tions were mad© at each temperature -interval 
of 5° F. between 30° F. and 100° F. ; so that 
the experiments provided data for calculating 
the thermal expansion of aqueous alcohol 
within this range of temperature, and also the 
amount of contraction of the mixtures, as well 
as their specific gravities. 

Starting with a weight of alcohol denoted 
by 100 parts, this quantity was at first kept 
constant, and a series of determinations made 
after adding to it 5, 10, 15 . . . 100 parts by 
weight of water ; afterwards the water was 
kept constant at 100 parts, and the alcohol 
decreased by differences of 5 parts from 95 
to 0. Gilpin’s actual results need not be 
given here : for present-day use they require 
to be corrected, since the u alcohol ” on 
which they are based was not absolute 
alcohol. With this and other corrections, 
they are embodied in the revised table sub- 
joined (Table II.), 

Lowitz, of St. Petersburg, shortly after- 
wards obtained alcohol much stronger than 
Gilpin’s. He treated spirit of wine with 
potassium carbonate, poured the partly 
dehydrated alcohol off, and distilled it until 
not more than two-thirds of the spirit had 
passed over. The product 2 had the specific 
gravity 0*791 at 16° R. ( = 20° C.) f or 0*79484 
when calculated to 15*56°/15*56° 0. Lowitz’ s 
alcohol would thus contain 99-6 per cent of 
absolute alcohol. 

Tralles of Berlin (1811) utilised Gilpin’s 
tables, together with results obtained by him- 
self and others due to Lowitz, in compiling a 
series of alcohol tables for the Prussian 
Government. He, also, had succeeded in 
obtaining a much stronger alcohol than Gilpin’s. 
It had the specific gravity 0-7939 at 15*5674° G., 
or 0*7946 at 15-56°/15*56° 0., which corresponds 
with 99*68 per cent of anhydrous alcohol by 
w eight. T ralles recalculated Gilpin’ s results 
on the basis of this stronger alcohol, and 
constructed a table showing percentage of 
alcohol by volume at 15-56° 0., referred to 
water at 4° 0. as unity, as well as several 
other tables for use at different temperatures 
in connection with his hydrometer. 3 These 

3 OreWs Annalen, 1790, 1. 195. 

3 Gilbert's Annalen, 1811, xxxviii. 349. 




12 


ALCOHOLOMETRY 


tables and instrument were used officially in 
Germany during the greater part of the 
nineteenth century. Brix (1847) recalculated 
Tralles’s main table, taking water at 15-56° C. 
as unity. 

In 1824, Gay-Lussac published a treatise 
upon the centesimal alcoholometer, together 
with tables calculated for the temperature, 
15 0 /15° C. : these have formed the basis of 
French alcoholometry. The alcohol taken as 
basis had the specific gravity 0-7947 at the 
temperature mentioned, in accordance with 
results obtained by Rudberg. 

Fownes 1 in 1847 described experiments “ on 
the values in absolute alcohol of spirits of 
different specific gravities.” He found the 
specific gravity of absolute alcohol to be 0-7938 
at 15-56715-56° C. 

About the same time another important 
determination was carried out by Drinkwater. 2 
He dehydrated strong spirit first with freshly- 
ignited potassium carbonate, and then with 
quicklime ; and obtained a nearly absolute 
alcohol with the specific gravity 0-79381 at 
15 -56715-56° 0- This result is practically iden- 
tical with that found by Fownes, but both are 
slightly higher than the value obtained later 
by Mendeleeff, and now generally accepted as 
the true value. 

Mendeleeff’s classical research upon alcohol 
was carried out after careful consideration of 
previous investigations, and of all the possible 
sources of error. The results obtained for the 
specific gravity, referred to water at 4° 0. as 
unity, were : 


At 0° C. . 

. 



. 0*80625 

„ 5° C. . 




. 0*80207 

„ 10° C. . 




. 0*79788 

„ 15° C. . 

• 



. 0*79367 

„ 20° C. . 

. 



. 0*78945 

„ 25° C. . 

• 



. 0*78522 

„ 30° C. . 

, 



. 0*78096 


These values correspond with 0-79359 at 
15-56°/15-56° C. (in air) ; and this is accepted 
as probably the most accurate value, although 
it may be mentioned that a somewhat 
lower result (0-7935) has been obtained by 
Squibb. 3 

For calculating the specific gravity, d t , at 
temperatures other than 0° C., Mendeleeff gives 
the following equation : 4 

d t — 0-80625 - 0-0008340* -0-00000029* 2 . 


An account of the research is given by V. 
Richter. 5 

As regards the specific gravity of aqueous 


1 Phil. Trans., 1847, cxxxvii. 249. 

2 Mem. Chem. Soc., 1848, iii. 447. 

3 Ephemeris of Materia Medica, 1884, p. 541 

4 U ntersuchungen iiber die Verbindungen 
Alkohols mit Wasser. St. Petersburg, 1865. 

Ann. d. Physik, 1869, cxxxvii. 103, 230. 
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solutions of alcohol, Gay-Lnssac’s tables have 
been, and still arc, employed for fiscal purposes 
in France and several other continental 
countries, but they have undergone more than 
one revision — the last, and. chief one, in 1884. 
Tralles’s tables were used in Germany down to 
the year 1888, when they were superseded by 
others, calculated mainly from Mendeleeff’ s 
results by the Normal Eichungs Commission. 
In the United Kingdom, Sikes’s tables ( v. infra) 
have been employed since the year 1816. 
Following, however, upon certain provisions 
in the Finance Act of 1907, a revision and 
extension of Sikes’s original tables was under- 
taken by Sir Edward Thorpe and his staff at 
the Government Laboratory, London, at the 
request of the Customs and Excise authorities, 
and the revised tables were issued in the year 
1912. For the purpose of this revision the 
work of Blagden and Gilpin, Drinkwater, 
Mendeleeff, and the Kaisei'lieho Normal 
Eichungs Kommission was utilised, after full 
consideration, as embracing the most trust- 
worthy data. It may be remarked that 
Mendeleeff was so well satisfied with Gilpin’s 
and Drinkwater’ s work, that he incorporated 
among his own results many of those obtained 
by these two investigators for spirituous 
mixtures of low strength. The accompanying 
table gives, in an abbreviated form, the specific 
gravities of aqueous solutions of alcohol 
according to Thorpe’s revision (Table II.). 


Table II 

Specific Gravity at 15 -56715-56° C. 
or 60760° F. 


Specific 
Gravity in Air 
at 15*56715*56 
° C. 

Percentage 

Percentage 

of Alcohol. 

of Proof 
Spirit. 

By 

Weight. 

By Volume 
at 15*50 °<.\ 

0*79359 

175*35 

100*00 

100-00 

0*794 

175*21 

99-87 

99*92 

0*796 

174-52 

99*22 

99-52 

0-798 

173*80 

98-57 

99*12 

0*800 

173-07 

97*91 

98*70 

0*802 

172*33 

97*25 

98*28 

0-804 

171*56 

96*57 

97*84 

0*806 

170-77 

95*89 

97-39 

0*808 

109-96 

95*20 

96-93 

0*810 

169-13 

94*50 

90-45 

0*812 

168 28 

93 80 

95-97 

0*814 

167-41 

93*08 

95-47 

0*816 

166-51 

92*36 

94-97 

0*818 

165-60 

91*63 

94-45 

0*820 

164-67 

90*90 

93-92 

0*822 

163-72 

90*16 

93-38 

0*824 

162-75 

89*41 

92-83 

0*826 

161-76 

88*65 

92-20 

0*828 

160-75 

87*88 

91-69 
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Table II ( continued ) 


Specific 
Gravity in Air 
at 15*5(>°/15*5() 

° 0 . 

Percentage 
of Proof 
Spirit. 

Percentage of Alcohol. 

By 

Weight. 

By Volume 
at 15-56° C. 

0830 

159 73 

87-11 

91*11 

0-832 

158-69 

86-34 

90-52 

0-834 

157-63 

85*56 

89-91 

0*836 

156-56 

84-78 

89-30 

0*838 

155-47 

83-99 

88*68 

0-840 

154-37 

83-20 

88-06 

0-842 

153-25 

82-40 

87*42 

0*844 

152-12 

81-60 

86*77 

0-846 

150-97 

80-79 

86*12 

0*848 

149-80 

79-98 

85*46 

0-850 

148-62 

79-17 

84-78 

0-852 

147-43 

78-35 

84*11 

0*854 

146-23 

77-53 

83-42 

0-856 

145-01 

76*71 

82-73 

0-858 

143-78 

75-88 

82-03 

0-860 

142*54 

75-05 

81-32 

0*862 

141*28 

74-22 

80-61 

0*864 

140-02 

73 39 

79 89 

0-866 

138-74 

72-55 

79*16 

0-868 

137*40 

71-72 

78*43 

0*870 

136-16 

70-88 

77-69 

0-872 

134-84 

70-04 

76-94 

0-874 

133-53 

69-19 

76-19 

0-876 

132-19 

68-35 

75-44 

0-878 

130-86 

67-51 

74-68 

0-880 

129*50 

66-66 

73-91 

0-882 

128-14 

65-81 

73*13 

0-884 

126-77 

64-96 

72-34 

0-886 

125*37 

64-10 

71-55 

0-888 

123-97 

63*24 

70-75 

0-890 

122-56 

62-38 

69-95 

0-892 

121-14 

61*52 

69-14 

0-894 

119-70 

60*66 

68*33 

0-896 

118-20 

59-80 

67-50 

0-898 

116-81 

58-93 

66*67 

0-900 

115*33 

58*06 

65-83 

0-902 

113-84 

57-18 

64*08 

0-904 

112*35 

56-31 

64-13 

0-906 

110-82 

55*42 

63-26 

0-908 

109-29 

54-54 

62-39 

0-910 

107*74 

53*65 

61-51 

0-912 

106-20 

52*77 

60-63 

0-914 

104-63 

51-88 

59 74 

0*916 

103-05 

50-98 

58*83 

0-918 

101-43 

50*08 

57*92 

0*920 

99-80 

49*17 

56-99 

0-922 

98-16 

48-25 

56-05 

0-924 

96*49 

47*33 

55*10 

0-926 

94-80 

46-40 

54-14 

0-928 

93-09 

45*47 

53*16 


Table II (continued) 


Specific 
Gravity in Air 
at 15*56715*56 

°C. 

Percentage 
of Proof 
Spirit. 

Percentage 

By 

Weight. 

of Alcohol. 

By Volume 
at 15-56° O. 

0-930 

91-36 

44-53 

52-18 

0-932 

89-61 

43*59 

61-18 

0-934 

87-81 

42*62 

50-15 

0*936 

85-97 

41-04 

49-10 

0-938 

84-10 

40-65 

48-04 

0-940 

82-19 

39-65 

46-95 

0 942 

80*26 

38-64 

45-85 

0-944 

78-26 

37-60 

44-71 

0-946 

76-21 

36*54 

43-54 

0-948 

74-12 

35-46 

42-35 

0-950 

71*98 

34-37 

41*13 

0-952 

69-76 

33-25 

39*87 

0-954 

67-48 

32*09 

38-57 

0-956 

65-09 

30*90 

37*20 

0-958 

62-60 

29-66 

35-79 

0-960 

60-03 

28*39 

34-33 

0 962 

67-33 

27-06 

32-79 

0*964 

54-51 

25-68 

31-18 

0-966 

51,-53 

24-23 

29-48 

0-9(38 

48-38 

22-71 

27-69 

0-970 

45-14 

21-14 

25-83 

0-972 

41-77 

19*53 

23-91 

0-974 

38*35 

17*90 

21-96 

0-976 

34*87 

16*25 

19-98 

0-978 

31-42 

14*61 

18-00 

0-980 

27-99 

12*99 

16-04 

0*982 

24 60 

11*42 

14-13 

0-984 

21-44 

9-91 

12-29 

0*986 

18-34 

8-46 

10-51 

0*988 

16-38 

7*08 

8-80 

0-990 

12-63 

5*76 

7-18 

0*992 

9-82 

4*51 

5-63 

0-994 

7-24 

3*31 

4-14 

0*996 

4*73 

2-17 

2-71 

0*998 

2*33 

1-07 

1-34 

1-000 

0-00 

0-00 

0-00 


Temperature Correction a. — If for any reason 
the specific gravity of the alcohol is not taken at the 
standard temperature, it is necessary to include a 
correction to compensate for the deviation. The 
correction is greater at higher strengths than at lower, 
as will bo seen from the table given below, winch 
is used in the following manner : 

The difference between the standard temperature 
and the actual temperature of the observation is 
multiplied by tlic appropriate factor, taken from the 
table. If the actual temperature is higher than the 
standard, the product is added to the observed 
specific gravity ; if it is lower, the product is sub- 
tracted. The unit throughout is water at the 
standard temperature, 15-50° 0. (00° F.). 
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Table III 


Temperature Correction's 


Specific 

Gravity. 

Correction for 

1° 3T. 

1° C. 

0*794 

0*864 

0*889 

0*902 

0*912 

0*921 

0*928 

0*935 

0*940 

0*943 

0*946 

0*949 

0*951 

0*953 

0*955 

0*957 

0*959 

0*961 

0*962 

0*963 

0*965 

0-966 

0*967 

0*968 

0*969 

0*970 

0*971 

0*973 

0*974 

0*975 

0*976 

0*977 

0*978 

0*980 

0*981 

0*983 

0*985 

0*987 

0*990 

0*995 

1*000 

0*00046 

45 

44 

43 

42 

41 

40 

39 

38 

37 

36 

35 

34 ‘ 

33 

32 

31 

30 

29 

28 

27 

26 

25 

24 

23 

22 

21 

20 

19 

18 

17 

16 

15 

14 

13 

12 

11 

10 

0*00009 

8 

7 

0*00083 

81 

79 

77 

76 

74 

72 

70 

68 
. 67 

65 

63 

61 

59 

58 

56 

54 

52 

50 

49 

47 

45 

43 

41 

40 

38 

36 

34 

32 

31 

29 

27 

25 

23 

22 

20 

18 

16 

14 

13 


Osborne, M‘Kelvy, and Bearce have given 
the following data, 1 which allow of the specific 
gravity of aqueous alcohol mixtures being 
calculated for any temperature between 10° 
and 40° C. 

The density of alcohol at 25° was found 
to be 0-78506 gram per c.c. 

The specific gravity of various mixtures of 
alcohol and water was determined at 10°, at 
40°, and at each interval of 5° between these 
temperatures. From the results, the values 
of the coefficients in the following equation 
were calculated : 

D t = D 25 4- a(t - 25) + p(t - 2 5) 2 + y(t - 25) 3 . 


1 Ball. U.S . Bureau of Standards: Scientific 

Paper JSTo. 197. 


Here D t is the specific gravity at any tem- 
perature t° between 10° and 40°, and D 35 is 
the specific gravity at 25°. The values of the 
coefficients a, j8, and y are given in the following 
table. 


Alcohol 
. per 
cent by 
Weight. 

Sp. Gr. at 
25°. Grams 
per c.c. 

a X 10 7 . 

/3 X 10 s . 

*■- 

o’ 

b 

— i 

X 

0-000* 

0*997077 

-2565 

-484 

4-319 

4*907 

0-988317 

-2684 

-502 

4-311 

9*984 

0*980461 

-3119 

-484 

+ 258 

19*122 

0*967648 

-4526 

-393 

4“ ISO 

22*918 

0*962133 

-5224 

-331 

4-100 

30*086 

0*950529 

-6431 

-226 

+ 47 

39*988 

0*931507 

-7488 

-145 

- 4 

49*961 

0*909937 

-8033 

-128 

- 24 

59*976 

0*887051 

-8358 

-121 

- 24 

70*012 

0*863380 

-8581 

-117 

- 9 

80*036 

0*839031 

-8714 

- 108 

- 69 

90*037 

0*813516 

-8746 

- 93 

- 51 

99*913 

0*785337 

-8593 

- 57 

— 62 


* Water. 


Witjh. the aid of this table and the following 
one giving an extended range of alcohol per- 
centages, the specific gravity of any mixture 
of ethyl alcohol and water, at any temperature 
between 10° and 40°, can be calculated from 
the foregoing equation. 


Alcohol 

per 

cent by 
Weight. 

Sp. Gr. at 
25°. Grams 
per c.c. 

Alcohol 

per 

cent by 
Weight. 

Sp. Gr. at 
25°. Grams 
per c.c. 

0 

0*997077 

55 

0*898502 

2 

0*993359 

60 

0*886990 

5 

0*988166 

65 

0*875269 

6 

0*986563 

70 

0*863399 

10 

0*980434 

75 

0*851336 

15 

0*973345 

80 

0-839114 

20 

0*966392 

85 

0*826596 

25 

0*958946 

90 

0*813622 

30 

0*950672 

95 

0*799912 

35 

0*941459 

98 

0*791170 

40 

0*931483 

99 

0*788135 

45 

0*920850 

100 - 

0*785058 

50 

0*909852 




Table IY. on the following page shows the 
specific gravity, referred to water at 4° C. as 
unity, of aqueous alcohol at seven different 
temperatures. 

§(5) Hydrometers (“ Areometers”). — The 
general principles of the hydrometer are dealt 
with elsewhere in this work (see article et Hydro- 
meters ”). Here we need only consider the 
forms which have been more particularly asso- 
ciated with the development of alcoholometry. 
The first of these, 2, “ Boyle’s Bubble,” was 
composed of two glass bulbs, surmounted by 
a glass stem. The lower and smaller bulb 
2 Phil . Trans., 1675, x. 329. 
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Table IV 

Density (in Grams per o.c.) op Alcohol- Water Mixtures 


Per cent 
Alcohol by 
Weight. 

Temperature ° 0. 

10°. 

15°. 

20°. 

25°. 

30°. 

35°. 

40°. 

0 

0*99973 

0-99913 

0-99823 

0*99708 

0-99568 

0 99406 

0*99225 

5 

*99098 

•99032 

•99938 

•98817 

•98670 

•98501 

•98311 

10 

•98393 

*98304 

•98187 

•98043 

•97875 

■97685 

•97475 

16 

•97800 

■97669 

•97514 

*97334 

•97133 

•96911 

•96670 

20 

•97252 

•97068 

'96864 

•96639 

•96395 

•96134 

*95856 

25 

•96665 

■96424 

•96168 

•95895 

•95607 

•95300 

•94991 

30 

•95977 

■95686 

•95382 

*95067 

•94741 

•94403 

•94055 

35 

•95162 

*94832 

■94494 

*94146 

•93790 

•93425 

*93051 

40 

•94238 

•93882 

•93518 

•93148 

•92770 

■92385 

■91992 

45 

*93226 

•92852 

*92472 

•92085 

•91692 

•91291 

•90884 

50 

*92162 

•91776 

*91384 

•90985 

•90580 

■90168 

*89750 

55 

*91055 

•90659 

*90258 

•89850 

*89437 

•89016 

•88589 

00 

*89927 

*89523 

•89113 

*88699 

•88278 

•87851 

•87417 

05 

*88774 

•88364 

*87948 

*87527 

•87100 

• 86667 

■86227 

70 

*87602 

*87187 

•86766 

-86340 

*85908 

■85470 

*85025 

75 

•86408 

•85988 

•85664 

•85134 

•84698 

■84257 

•83809 

80 

•85197 

•84772 

*84344 

•83911 

*83473 

•83029 

•82578 

85 

•83951 

•83525 

•83095 

-82660 

•82220 

•81774 

•81322, 

90 

•82054 

■82227 

*81797 

•81362 

•80922 

•80478 

•80028 

95 

*81278 

*80852 

•80424 

*79991 

•79555 

•79114 

•78670 

100 

*79784 

*79360 

*78934 

•78506 

*78075 

•77041 

*77203 


contained mercury, the larger contained water ; 
these liquids served as ballast to maintain the 
instrument erect when in use. Placed in 
water, it sank only so far as to cover the bulbs, 
leaving the whole of the stem exposed. Placed 
in strong alcohol, it sank till only the top of 
the stem remained uncovered. In mixtures of 
alcohol and water it sank to intermediate 
positions depending upon the proportions of 
the two ingredients. The larger the proportion 
of alcohol, the deeper the “ bubble ” sank. 

The possibility of adapting this instrument 
for use in assaying spirits was quickly per- 
ceived, and various improvements were sug- 
gested. Moncony (1679) described a glass 
areometer terminating below in a small loop 
carrying a silver hook, by means of which a 
graduated series of silver rings could be 
attached (I grain, 4 grain, and so on), thus 
affording a means of making comparative 
measurements and extending the range of the 
instrument. Later, 1 the stem of the areometer 
was roughly graduated by means of “ small 
bits of glass, of different colours, stuck on the 
outside ” ; or it was marked off into degrees 
by lines. The form probably used by revenue 
officers in the period 1730-1760 had a gradu- 
ated stem, tapering to a point. 

Clarke's hydrometer was brought under the 
notice of the Royal Society by Desaguliers in 
1730, and was in use for revenue work some 
thirty years later, though it did not receive 
statutory sanction until 1787. It was made 
of copper, and had an attachment at the base 
1 Phil. Trans., 1730, xxxvi. 277. 


to which different weights could bo screwed ; 
these allowed the total mass of the instrument 
to be varied, and gave it a greater range in 
use. One especial feature may be noted : 
the hydrometer was provided with special 
“ weather weights,” for use when the weather 
was u hot,” “ warm,” “ cold,” and so on, thus 
introducing a rough correction for variations of 
specific gravity due to changes in temperature. 
There were three marks on the stem, one 
showing “ proof ” strength, the others one- 
tenth under proof and one- tenth over proof 
respectively (i.e. 10 per cent under and over 
proof). The idea of making a correction for 
temperature had already been utilised in 
Martin's hydrometer, an instrument devised 
for finding the specific gravity of spirits, and 
furnished with a “ scale of lines,” on the prin- 
ciple of the slide rule, for converting the hydro- 
meter readings into spirit strengths. Clarke’s 
instrument was pro visi on ally san ctioned as 
the official hydrometer in 1787 (27 Geo. III. 
c. 31). This sanction was continued from time 
to time until 1801, when the provision was 
made permanent (41 Geo. III. c. 97). 

Dicas's hydrometer must also be briefly men- 
tioned, since, although it does not appear to 
have been much used in this country, it was 
adopted in 1790 as the legal Instrument for 
alcohol-testing in the United States, and em- 
ployed there for some sixty years. It was 
made of gilded brass or copper, and the weights 
were not submerged as in Clarke’s Instrument, 
but placed on the top of the stem. The 
readings, like those of Martin’s hydrometer, 
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were translated into spirit strengths by means 
of a slide rule. Dicas’s instrument was 
eventually superseded in the United States 
by Greiner's “ thermo - alcoholometer,” an 
instrument graduated to show percentages 
of Tralles’s alcohol, and carrying a Fahrenheit 
thermometer in its lower part. This in turn 
was replaced by a hydrometer constructed 
by Tagliabue, showing percentages of (U.S.) 
proof spirit : this is the form still employed in 
the United States. 

Both in Scotland and in Ireland Clarke’s 
hydrometer was used soon after its adoption 
in England ; but later two other instruments 
were officially recognised in Ireland — first, 
Hyatt's, and then, in 1802, Sjoeer's hydrometer. 
In the latter instrument, more particularly, 
the claim was made for an improvement in 
allowing for changes of temperature. Clarke’s 
method, in fact, had become too cumbersome, 
with its unwieldy notation and its multiplicity 
of weights to meet different requirements — 
there were 54 weights supplied with the official 
instrument, and in 1816 Sikes’s hydrometer 
superseded it, as well as the others. This 
instrument is the one still employed for fiscal 
purposes in the United Kingdom, and on 
account of its importance it must be described 
at some little length. Before doing this, how- 
ever, mention may be made of Lovi's beads, 
devised by Dr. Wilson of Glasgow, and 
patented by Mrs. I. Lovi, a glassworker, and 
J. R. Irving in 1805. These “ beads ” are 
small hollow glass balls of different sizes and 
weights, and marked in a graduated series to 
show either specific gravities or spirit strengths. 
On placing these balls in a spirituous liquid, 
the one which just floats steadily in any 
position shows the specific gravity of the liquid, 
or its proof strength, according to the marking 
of the “ bead.” 

§ (6) Sikes’s Hydrometer. — In the year 
1802, improved hydrometers and methods 
of assaying spirits were inquired for by the 
Treasury, and a scientific committee was 
appointed to adjudicate upon the various 
proposals submitted. The instrument and 
tables tendered by Bartholomew Sikes, a 
former Secretary of Excise, were selected. 
Sikes was well acquainted with Blagden and 
Gilpin’s published experimental results, and 
availed himself of them when necessary. His 
fiscal alcoholic strengths appear, indeed, to 
have been calculated mainly from Gilpin’s data. 

Sikes’s hydrometer 1 consists of a gilded brass 
bulb, 1-5 inches in diameter, to the bottom 
of which is affixed a short, tapering rod ending 
in a pear-shaped counterpoise, whilst on the 
top is a thin stem of rectangular section, 3-5 
inches long, marked off into 10 equidistant 
spaces or “ degrees.” Each degree is sub- 

1 See also “ Hydrometers ” for a consideration of 
sources of error. 


divided into fifths. The degrees are marked 
from 0 to 10, beginning at the top of the stem, 
and are of arbitrary value — that is, they do 
not by themselves express the strength of 
the spirit or its specific gravity, but are corre- 
lated with the tables supplied with the instru- 
ment. The readings on the stem are called 
the “ Indication,” and corresponding with each 
indication-number the tables show the strength 
of the spirit tested, in terms of “ proof,” “ over 
proof,” or “ under proof.” With its 10 divi- 
sions, each having 5 subdivisions, the instru- 
ment gives 50 indication-numbers, namely 0, 
0-2, 0-4, 0-6, and so on up to 10-0. At the 
temperature 60° F., these indications corre- 
spond with strengths of spirit from 67-0 over 
proof down to 58-2 over proof. For lower 
strengths than these the instrument is too 
light : it will not sink in the weaker, and 
therefore heavier, alcohol. To meet this diffi- 
culty, weights are employed, which rest on the 
counterpoise when in use, and are therefore 
immersed in the liquid tested. Nine such 
weights are provided, numbered 10, 20, 30, 
and so on, up to 90. Their volumes and masses 
are so related to those of the hydrometer that 
they furnish a continuous series of indication- 
numbers, aggregating 500 for the whole range, 
and allowing of the instrument being used 
for the determination of alcoholic strengths 
ranging from 70 over proof down to nil. 

In addition to the nine weights, a brass cap 
is supplied which fits on to the top of the stem 
of the hydrometer. The weight of this cap 
is exactly one-twelfth of that shown by the 
instrument and the weight No. 60 taken 
together. If this cap is placed on the instru- 
ment, together with the weight 60, it will sink 
the hydrometer in distilled water at 51° F. 
down to a certain mark on the stem at the 
division 0-8— that is, the “ indication ” shown 
is 60-8. This mark is called the “ proof mark.” 
If the cap is removed, and the instrument with 
weight 60 placed in proof spirit at 51° F., the 
indication will be found as before — viz. 60-8. 
As the same volume of liquid is displaced in 
the two experiments, but the weight supported 
in the second case is only fifths of that in the 
first, it follows that the density of the proof 
spirit at 51° F. is fifths of that of water at the 
same temperature. 

The ordinary Sikes’s hydrometer cannot be 
used - with very strong spirits — e.g. those of 
strength upwards of 70 o.p. (=96-95 per cent 
of alcohol by volume). It has therefore been 
supplemented by a smaller instrument of 
similar design, known as the “ light hydro- 
meter ” or the “ A ” instrument. This extends 
the range up to 73-5 o.p. at 60° F., correspond- 
ing with 98-94 per cent of alcohol by volume, 
and up to 74-0 o.p. at 30° F. 

In using Sikes’s hydrometer, after the tem- 
perature of the liquid has been observed the 
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instrument is to be immersed until the whole 
divided part of the stem is wet ; the pressure 
required for this will serve as a guide in 
selecting the proper weight. After attaching 
bills weight, the hydrometer is again immersed 
bo the division 0, and allowed to rise slowly 
to the resting-point. The eye is then brought 
bo the level of the surface of the liquid, and the 
I >art of the stem cut by that surface, as seen 
jFrom below , is noted. The reading of the stem 
thus given is added to the number of the weight 
bo obtain the indication. 

As regards reading hydrometers in general. 
Bee the articles on “ Saccharometry ” and 
** Hydrometers ” : ordinary hydrometers are 
immersed up to the resting-point only. 

§ (7) Proof Spirit. — In this country, and 
also in the United States and in Holland, fiscal 
oharges on alcohol, as well as many com- 
mercial transactions, are not based directly 
upon the percentage of actual alcohol con- 
tained in spirituous liquors, but upon the 
proportion of aqueous alcohol of a certain 
strength, termed cc proof ” spirit. The strength 
adopted as proof,” however, is not the same 
in the three countries. Confining our attention 
for the moment to the United Kingdom, proof 
spirit is, legally, spirit of the strength denoted 

proof by Sikes’s hydrometer (Spirits Act, 
1 880, sec. 134). Another legal definition makes 
proof spirit “ that which at the temperature of 
61° by Fahrenheit’s thermometer weighs 
exactly twelve-thirteenth parts of an equal 
measure of distilled water ” (56 Geo. III. c. 
140). The temperature of the water is not 
expressly stated in this definition, but it was 
given- as 51° F. in tables issued by Sikes for use 
with his instrument, and is the one adopted. 

Drinkwater, in 1848, published the results 
of a very careful investigation upon the com- 
position of proof spirit, prepared, according to 
bhe above definition, from the “ absolute ” 
alcohol which he had obtained as already 
described. Calculating the expansion between 
51° and 60° F. from Gilpin’s data, he concluded 
that proof spirit consisted of 49*24 per cent 
of absolute alcohol by weight, and 50*76 per 
cent of water ; that its specific gravity at 
60°/60° F. was 0*91984 ; and that the strength 
of the absolute alcohol was 75*25 degrees over 
proof. These values have been slightly modi- 
fied by Thorpe’s recent revision, and the figures 
now accepted for proof spirit are : 

Spec, gravity, 0*91976 at 15*56°/15*56° C. ; 
percentage of alcohol by weight, 49*28 ; or by 
volume at 15*56° C., 57*10 ; strength of absolute 
alcohol, 75*35 degrees over proof. 

Subjoined is a table showing the percentage 
of proof spirit corresponding with each integral 
indication -degree of Sikes’s hydrometer at 
60° F. The complete tables show each fifth 
of a degree, and cover a range of temperature 
from 30° F. to 100° F, 


Table V 


Proof Spirit Strength corresponding with 
the Indications of Sikes’s Hydrometer. 
Temp. 60° F. 


Indication. 

Strength 
Over Proof. 

Indication. 

Strength 
Over Proof. 

Light 


Ordinary 


Hydrometer 


Hydrometer 


A0 

73*5 

45 

19-7 

1 

72*9 

46 

18*3 

2 

72*2 

47 

17*0 

3 

71*6 

48 

15*6 

4 

71*0 

49 

14-3 

5 

70*3 

50 

12*9 

6 

69-6 

51 

11*5 

7 

68*9 

52 

10*1 

8 

68*2 

53 

8*7 

9 

67-5 

54 

7*3 

Ordinary 


55 

5*8 

Hydrometer 


56 

4*4 

0 

66*7 

57 

2*9 

1 

66*0 

58 

1*4 

2 

65*2 


Under Proof 

3 

64-4 

59 

0-2 

4 

63*6 

60 

1*7 

5 

62*8 

61 

3*3 

6 

61*9 

62 

4-8 

7 

61*1 

63 

6*4 

8 

60*2 

64 

8-1 

9 

59*3 

65 

9-7 

10 

58*4 

66 

11*4 

11 

57*6 

67 

13*1 

12 

56*7 

68 

14*9 

13 

55-7 

69 

16*7 

14 

54*8 

70 

18*6 

15 

53*8 

71 

20*5 

16 

52*9 

72 

22*4 

17 

51*9 

73 

24*4 

18 

50*9 

74 

26*4 

19 

49*9 

75 

28*5 

20 

48*9 

76 

30-7 

21 

47*9 

77 

32*9 

22 

46*8 

78 

, 35*3 

23 

45*8 

79 

! 37*7 

24 

44*7 

80 

40*3 

25 

43*6 

81 

42*9 

26 

42*5 

82 

45*7 

27 

41*4 

83 

48*6 

28 

40*3 

84 

51*7 

29 

39*1 

85 

54*8 

30 

38-0 

86 

58*2 

31 

36*9 

87 

61*5 

32 

35*7 

88 

65*0 

33 

34*6 

89 

68*4 

34 

33*4 

90 

73*9 

35 

32*2 

91 

75*2 

36 

31*0 

92 

78*4 

37 

29*8 

93 

81*4 

38 

28*5 

94 

84*4 

39 

27*3 

95 

87*3 

40 

26*0 

96 

90*0 

41 

24*8 

97 

92*6 

42 

23*6 

98 

95*1 

43 

22*3 

99 

97*6 

44 

21*0 

100 

100*0 


von. in 


c 
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<c Over ” and “ Under ” Proof . — If an over 
proof strength, is added to 100, the sum repre- 
sents the number of volumes of spirit at proof 
strength which 100 volumes of spirit at that 
particular over-proof strength would make. 
Thus 100 vols. of spirit at 25° over proof would 
make 125 vols. of proof spirit. 

If an under proof strength is subtracted from 
100, the remainder shows the volumes of proof 
spirit, which are contained in 100 vols. at that 
particular under-proof strength. Thus 100 
vols. of spirit at 25 degrees under proof contain 
75 vols. of proof spirit. 

The sum and the remainder show, in fact, 
the percentages of alcohol, calculated as proof 
spirit, in the stronger and the weaker spirits, 
respectively. The following examples show how 
to calculate the equivalent proof quantity of 
any given volume of over-proof or under-proof 
spirit: (1) Given 120 gallons of alcohol, at 
strength 6*5 o.p. The equivalent proof gallons 
are (100+ 6-5) per cent of 120 — 127-8 proof 
gallons. (2) Given 150 gallons at 12*5 u.p. 
The equivalent proof gallons are (100 — 12-5) 
per cent of 150 or 131-25 proof gallons. 

“ Proof spirit ” terminology is confusing and 
cumbersome, but there is no loss of scientific 
precision in thus adopting a diluted alcohol as 
the unit of measurement, instead of absolute 
alcohol. By means of its specific gravity the 
unit of diluted alcohol can be defined to any 
degree of accuracy required. “ There appears 
to be no reason, either philosophical or prac- 
tical, why the alcohol should be considered as 
absolute- A definite mixture of alcohol and 
water is as invariable in its value as absolute 
alcohol can be. ... A diluted alcohol is, there- 
fore, that which is recommended by us as the 
only excisable substance.” (Report by Com- 
mittee of Royal Society to the Treasury, 1833.) 

The legal authority for the use of Sikes’s 
hydrometer for fiscal purposes in the United 
Kingdom is contained in the Spirits Act, 1880, 
s. 134 : 44 All spirits shall be deemed to be of 
the strength denoted by Sikes’s hydrometer 
... in accordance with the table lodged with 
the Commissioners ” [of Inland Revenue]. Re- 
vised tables were published in 1912 ; the legal- 
isation of these is contained in Sec. 19 of the 
Finance (No. 2) Act, 1915. It may, however, 
be noted that the revenue authorities may, by 
regulations, now authorise the use of any means 
approved by them for ascertaining the strength 
or weight of spirits (Finance Act, 1907). 

Sikes’s tables are so constructed as to show, 
for a given spirit, the same strength at what- 
ever temperature (within the limits of the 
tables) the strength is taken. A spirit, for 
instance, which shows 62-0 degrees over proof 
at 60° F. will show the same strength at 
55° F. or at 65° F., though its 44 indication ” 
will be different. The tables, however, do 
not take account of changes in volume due to 


alterations of temperature. This is certainly 
a defect ; hut the errors arising therefrom, 
which will be sometimes in favour of the 
revenue and sometimes against it, are not 
regarded as of much practical importance. 

§ (8) Use of Sikes’s Hydrometer in 

FINDING THE VOLUME OF SPIRITS FROM 
their Weight. — Experiments have been 
made to determine the specific gravities which 
correspond with the indication-numbers of 
Sikes’s hydrometer. The results are embodied 
in a statutory table, which is authorised for 
use in evaluating spirits, and is employed in 
ascertaining the quantity of spirits in casks 
by the method of weighing (Schedule to 
Spirits Act, 1880). A revision of the original 
table was published in the year 1916, and 
an abbreviation of it is reproduced here. 

Table VI 


Weight or Spirits per Gallon by 
Sikes's Hydrometer 


Ind. 

Wt. per 
Gallon, lb. 

Ind. 

Wt. per 
Gallon, lb. 

Ind. 

Wt. per 
Gallon, lb. 

A 

Hydrometer 

Ordinary 

Hydrometer 

Ordinary 

Hydrometer 

0 

7*991 

25 

8*585 

63 

9-270 

1 

8*007 

26 

8-602 

64 

9-295 

2 

8-024 

27 

8*620 

65 

9-314 

3 

8*040 

28. 

8*638 

66 

9*333 

4 

8*057 

29 

8*656 

67 

9-352 

5 

8-073 

30 

8*674 

68 

9*371 

6 

8-090 

31 

8-690 

69 

9*390 

7 

8-107 

32 

8*708 

70 

9*410 

8 

8-123 

33 

8*726 

71 

9-430 

9 

8-140 

34 

8-744 

72 

9*449 

10 

8*157 

35 

8-762 

73 

9-468 

Ordinary 

36 

8*780 

74 

9-487 

Hydrometer 

37 

8-798 

75 

9 506 

0 

8*157 

38 

8*816 

76 

9*526 

I 

8*174 

39 

8*834 

77 

9*545 

O 

8-190 

40 

8-852 

78 

9*565 

3 

8-207 

41 

8*869 

79 

9*584 

4 

8*224 

42 

8*887 

80 

9*604 

5 

8*241 

43 

8*905 

81 

9*024 

6 

8*258 

44 

8*924 

82 

9*643 

7 

8*275 

45 

8*942 

83 

9*662 

8 

8*293 

46 

8*960 

84 

9*682 

9 

8*310 

47 

8*979 

85 

9*702 

10 

8-326 

48 

8*997 

86 

9*721 

11 

8*342 

49 

9*010 

87 

8*741 

12 

8-359 

50 

9*035 

88 

9*701 

13 

8*376 

51 

9-052 

89 

9*781 

14 

8*394 

52 

9*071 

90 

9-801 

15 

8*411 

53 

9-089 

91 

9*821 

16 

8*428 

54 

9-108 

92 

9*840 

17 

8-446 

55 

9*126 

93 

9*860 

18 

8*463 

56 

9*145 

94 

9*880 

19 

8*481 

57 

9*164 

95 

9*900 

20 

8*498 

58 

9*183 

96 

9*920 

21 

8*514 

59 

9*202 

97 

9*940 j 

22 

8*532 

GO 

9*220 

.98 

9*961 

23 

8*549 

61 

9*239 

99 

9*981 

24 

8*567 

62 

9*257 

100 

10*001 
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If the decimal point be moved one place 
to the left, the numbers showing weights 
per gallon will represent specific gravities, for 
I gallon of distilled water weighs 10 lbs. 

The method of using this table is as follows. 
Suppose that a cask has been weighed first 
empty and then when filled with spirit, and 
the weight of the latter thus found to be 600 lbs. 
Its indication is, say 7-0. Then from the 
table, the weight of the spirit per gallon is 
8-275 lbs. The volume of the spirit is therefore 
600 -r- 8-275 == 72-5 gallons. These bulk gallons, 
of which the strength is known from the 
indication and the temperature, are then 
converted into the equivalent proof gallons 
in the manner already shown. Thus if the 
temperature is 60° F., the indication being 
7-0, the strength is found from the table 
(ante) to be 61-1 over proof. The equivalent 
number of proof gallons is therefore 161-1 
per cent of 72-5=116-8. 

In practice, the actual division (weight 
of spirit in lb. -p- weight per gallon) is ob- 
viated by the use of tables (Loftus’s 
tables) which have been worked out for the 
purpose. 

§ (9) Alcoiiolometry in Foreign Coun- 
tries. — In France, the assessment of spirit 
duties is made with the centesimal alcoholo- 
meter and tables of Gay-Lussac, which date 
from the year 1824. The range of the alcoholo- 
meter (hydrometer) extends from “ water ” to 
“ absolute alcohol,” and is divided into 100 
degrees, each degree representing I per cent of 
alcohol by volume at the temperature 15° 0. 
Throe separate instruments are used to 
cover this range. One extends from 0° to 
35° ; the next from 35° to 70° ; and the 
third from 70° to 100°. If the spirit 
tested is at the temperature 15° G., the 
reading of the instrument shows the per- 
centage of alcohol by volume directly : a 
reading of 40, for instance, indicates that 
the spirit contains 40 per cent of alcohol 
by volume. 

At temperatures higher or lower than 15° 
the readings are termed “ apparent degrees,” 
and Gay-Lussac’s chief table (Table de la 
force reelle des liquides spiritueux) gives the 
true percentage of alcohol corresponding with 
these et apparent ” or “ observed ” readings. 
It shows also the corresponding correction 
for the change in volume which the spirituous 
liquid has undergone with the variation of 
temperature from the standard. The true 
quantity of alcohol can thus be calculated. 

As already mentioned, the alcohol used as 
the basis of Gay-Lussac’s original tables 
had the specific gravity 0-7947 at 15° C. 
referred to water at the same temperature as 
unity. In 1884, however, it was decreed that 
the graduation of alcoholometers should be 
based upon a new “ table of the densities of 


mixtures of water and absolute alcohol ” 
drawn up by the National Bureau of Weights 
and Measures, in which the specific gravity 
of the absolute alcohol is given as 79-433 at 
15° in vacuo, water at the same temperature 
being taken as 100. The effect is to show 
slightly lower values than those of the original 
instruments, with a maximum difference of 
0-4 per cent. 

With slight adaptations, Gay-Lussac’s in- 
strument and tables are also used for 
fiscal purposes in Belgium, Norway, and 
Sweden. In Spain, both Gay-Lussac’s and 
an earlier French hydrometer (Cartier’s) are 
employed. 

In Germany, Tralles’s alcoholometer and 
tables were used during the greater part of 
the nineteenth century, and the instrument 
is still employed officially in Italy, and 
commercially in Russia. It is a glass hydro- 
meter showing directly the percentage of 
alcohol by volume at 15-6° O. The alcohol 
taken as basis had the specific gravity 0-7946 
at 1.5-6°/15-6° C. For use at other tempera- 
tures, tables were supplied. 

Tralles’s system has been superseded in 
Germany by the adoption of an alcoholometer 
graduated to show percentages of alcohol by 
weight at 15° 0. The tables adopted are 
based upon the results of Mendel cell’ s investi- 
gations. The official alcoholometers are made 
of glass, and contain a- thermometer in the 
lower part, so that the one instrument shows 
both tho temperature of the spirit and its 
alcoholic strength. Although the latter is 
taken by weight, for the purposo of charging 
duty tho results are converted into volumes 
of absolute alcohol (at 15-6°) by means of 
tables which show the number of litres 
of absolute alcohol corresponding with any 
given number of kilograms of the spirit 
tested. 

In what was formerly tho Austrian Empire, 
Meisner’s areometer was used for the assay 
of spirits. It is an instrument very similar 
to that of Tralles, but indicating per- 
centages of alcohol both by weight and by 
volume. Tho alcohol on which tho tables 
are based had the sp. gr. 0-795 at 12°/12° R. 
(15°/15° C.). 

In Holland the official hydrometer is devised 
upon a different plan from any of the fore- 
going. The stem is graduated in terms of 
the volume of the instrument below tho zero 
mark, each degree being one-hundredth part 
of this volume. Tho graduation is thus not 
arbitrary as with Sikes’s instrument, nor does 
it show percentages of alcohol directly, like 
Gay - Lussac’s or Tralles’s alcoholometers. 
Tables are supplied which convert the indica- 
tions of the hydrometer into percentage of 
alcohol by volume at 15° G. ; but the standard 
adopted for fiscal charges is a “ proof ” spirit, 
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which at 15° contains 50 per cent by volume of 
absolute alcohol. 

A metal hydrometer essentially similar to 
that of Sikes is used officially in Russia. 
It is graduated, however, in the reverse 
manner to Sikes’s instrument, water being 
represented by zero on the Russian hydrometer 
and strong spirit by 100. The zero mark, 
therefore, is at the bottom of the stem. 
Tralles’s alcohol is taken as the standard, 
and the tables used with the instrument 
show percentage of this alcohol by volume at 
12*° R. (15-6° CL). 

In the United States, the Customs duties 
upon spirits were formerly levied in terms 
of alcohol percentages. Objections, however, 
were made to this practice, on the ground that 
it did not conform to trade usage, which was 
to buy and sell in terms of proof spirit. After 
inquiry, therefore, by a Committee appointed 
in 1866 to examine into the whole question 
of testing spirit strengths, it was decided that 
“ the duties on all spirits shall be levied 
according to their equivalent in proof spirit,” 
and this system has continued in use to the 
present time. Tralles’s alcohol was taken as 
the standard, and the United States’ proof 
spirit contains one -half of its volume of this 
alcohol at 15-6° C. Gilpin’s results were 
largely used in compiling the tables for use 
with the hydrometers, of which there is a 
series covering a range of graduations from 
0° to 200°. At the standard temperature, 
60° F. (15-6° C.), distilled water is represented 
by 0° on the hydrometer scale, proof spirit 
by 100°, and Tralles’s alcohol by 200°. 

In Switzerland, Beck’s hydrometer, a 
modified form of Baume’s instrument, is 
employed for alcohol testing. Its zero point 
corresponds with the specific gravity of water 
at 12-5° C., and the indication 44° with that 
of Tralles’s alcohol. 

Table VII. shows for the principal foreign 
countries the alcoholic strengths correspond- 
ing with various percentages of British 
proof spirit. 

§ (10) Alcohol Conversion- Equations. — 
The quantitative relations between specific 
gravity, proof spirit, and percentage of alcohol 
by volume and by weight can be summarised 
in the following equations : 

Let S denote the sp. gr. of a specimen of 
alcohol ; P the percentage of proof spirit by 
volume ; V the percentage of alcohol by 
volume ; W the percentage by weight, and 
G the grams per 100 c.c. 

Then P = 1-7535V=2-2095WS ; 

V = 0-5703P= 1-2601WS ; 

W = P/S x 2-2095 = 0-7936V/S; 

and G = 0-7928V = 0-4521P. 


Table VII 

Foreign Alcoholic Strengths corresponding 
with British Proof Values 


Great 

Britain. 

Proof 

Spirit. 

Per 

cent. 

France, 

Belgium. 

Alcohol 

by 

Volume 
at 15°, 

Italy, 

Itussia, 

Austria 

(Tralles). 

Alcohol by 
Volume 
at 15*6°. 

United 

States. 

Proof 

Spirit. 

Germany. 

Alcohol 

by 

Weight. 

5 

2-8 

2*9 

5*7 

2*3 

10 

5*6 

5*7 

11-4 

4*6 

15 

8*5 

8-6 

17-2 

6*9 

20 

11*3 

11-4 

22*8 

9*2 

25 

14-2 

14*3 

28 0 

11*6 

30 

17*1 

17*2 

34*4 

13*9 

35 

19*9 

20*1 

40-2 

16*4 

40 

22*7 

22-9 

45*8 

18*7 

45 

25-5 

25*0 

51*5 

21*0 

50 

28*4 

28-6 

57 3 

23*5 

55 

31*3 

31*5 

63*0 

25*9 

60 

34*2 

34*4 

68*8 

28*4 

65 

37*1 

37*3 

74-7 

29*9 

70 

39*9 

40*1 

80*1 

33*4 

75 

42*7 

42*9 

85*8 

35*9 

so 

45*6 

45*8 

91*4 

38*5 

85 1 

48*3 

48*5 

97*0 

41*1 

90 

51*2 

51*4 

102*8 

43*9 

95 

54*0 

54*2 

108*5 

46*5 

100 

56*9 

57*1 

114*2 

49*3 

105 

59*8 

60*0 

120*0 

52*1 

110 

62*7 

62*9 

125-7 

55*0 

115 

65*6 

65*7 

131*8 

57*9 

120 

68*5 

08*6 

137*0 

60*8 

125 

71*3 

71*4 

142*8 

63*9 

130 

74*1 

74*2 

148*4 

67*0 

135 

! 77*0 

77*1 

154*2 

70*2 

140 

79*8 

79*9 

159*9 

73*4 

145 

82*7 

82*8 

105*6 

76*7 

150 

85*5 

85*6 

171*3 

80*1 

155 

88*4 

88*5 

177*1 

83*7 

160 

| 91*2 

91*3 

182*7 

87*3 

165 

94*1 

94*2 

188*3 

DM 

170 

97*0 

97*2 

394*3 

95*3 


o. s. 


Alcoiiolometry. See “ Hydrometers,” § (19). 

Altimeter Scales, Toussaint’s Exponential 
Formula as the Basis of. See “ Baro- 
meters and Manometers,” § (1.7). 

Altimeters, Errors of. Sec “ Atmosphere, 
Physics of,” § (4). 

Altimetry, Barometric : the determination 
of height from observations of pressure (and 
temperature). See ibid. § (4). 

American Units of Volume. See “ Volume, 
Measurements of,” § (4). 

Anemobiagrapii : an instrument designed to 
record the velocity or the force and some- 
times also the direction of the wind. See 
“ Meteorological Instruments,” § (20) (ii.). 
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Anemometers : instruments for measuring 
the velocity or the force of the wind. 
Exposure of. See “ Meteorological In- 
struments,” §§ (20) (ii.), (23). 

Anemometers, Types of : 

I. Bines pressure tube : 

Calibration of. See “ Meteorological In- 
struments,” § (20) (ii.). 

Comparison with records of cup-anemo- 
meter. See ibid. § (20) (iv.). 

Description of. See ibid. § (20) (ii.). 
Exposure. See ibid. 

Recorder. See ibid. 

II. Pan. See “ Meteorological Instru- 
ments,” § (18). 

III. Pressure plate : 

Osier pressure plate. See “ Meteoro- 
logical Instruments,” § (19) (ii.). 
Swinging plate. See ibid. § (19) (i.). 

IV. Robinson cup : 

Comparison with records of pressure- 
tube anemometer. See “ Meteorological 
Instruments,” Jj (20) (iv.). 

Conversion factors for different types of. 

See ibid. § (17) (ii.), (iii.), (iv.), (v.). 
Description of. See ibid. § (17) (L). 
Recording form of. See ibid. § (17) (vi.). 
Pressure tube. See “ Anemometers,” 
“ Dines Pressure Tube.” 

Aneroid, English Altimeter : basis of 
graduation of, tabulated. See “ Barometers 
and Manometers,” § (16) (iii.) («), Table 
VIII. 

Aneroid as Altimeter : effect of changes 
in the internal structure of the metal of 
the vacuum-box. See ibid. § (18) (iii.). 
Errors duo to “ creep ” or hysteresis. See 
ibid. § (18) (iv.). 

Aneroid Mechanism, Adaptation of, to a 
uniform scale of heights. See ibid. § ( 18 ) (i.). 

Angle (of Screw Thread), Definition of. 
See “ Metrology,” vii. § (23) (i.). 

Angle, Measures of. The symbol ir is used 
to denote the ratio of the circumference of a 
circle to its diameter. 

tt = 3-141 59205, 
log 7T = 0-49715, 

— = 0-3 1 830988(5, 

7T 

log (A) =1-50285. 

(i.) The Radian.— The unit of measure- 
ment for angles is the radian, which is 
equal to the angle subtended at the 


centre of a circle by an arc of length 
equal to the radius. 

7 r radians = I HO 0 , 

1 radian =57-29578° 

= 57° 17' 44*81", 

1° =0*017453 radians* 

(ii.) The Point. — Wind direction is often 
measured in points where 

1 point =* (360°) = 11 
See Vol. I., “ Measurement, Units of.” 

Angstrom’s Compensating Fyrheliometer. 
See cc Meteorological Instruments,” § (28). 

Anthelion : a patch of light appearing at 
the point of the sky opposite to and at the 
same altitude as the sun. See u Meteoro- 
logical Optics,” § (22) (i.). 

Anticyclone* An anticyclone is a region 
where the pressure is high relative to 
the surrounding pressures. There are 
two belts of anticyclones forming almost 
complete girdles around the earth in 
latitudes 30° N. and 30° S., but in higher 
latitudes isolated anticyclones occur. In 
the latter the central regions are dis- 
tinguished by closed isobars of a roughly 
circular or oval form. 

Near the centre of an anticyclone the 
winds are light and irregular, with fre- 
quent calms, but further out the winds 
arrange themselves clockwise around the 
isobars, the surface winds crossing the 
isobars at a small angle and blowing out 
of the high pressure region. The anti- 
cyclone is conventionally regarded as a 
region of settled weather, but in practice 
almost any kind of weather, short of gales, 
may occur in its area. In summer the 
weather is frequently line, but much cloud 
may occur, with rain in the outer portions. 
In a winter anticyclone we may find either 
a sky overcast with stratus (anticy clonic 
gloom) or warm sunny days followed 
by frosty nights, with thick fog in the 
morning. 

Anticyclones are usually greater in ex- 
tent than cyclones and they move much 
more slowly. When once sot up, an 
anticyclone may remain almost stationary 
for days, or in some cases for several 
weeks. The general direction of motion 
is towards the east or north-east. It 
has been noted that very cold anti- 
cyclones usually move faster than warm 
anticyclones. 

'.Decumulation of air in. See u Atmosphere, 
Thermodynamics of the,” §§ (15) and (1(5). 
Distribution of pressure, temperature, and 
density, and height of tropopauso in. See 
ibid. § (5), Table III. 

Distribution of realised entropy in. See 
ibid. § ((>), Fig. 10* 
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Effect of temperature on vertical extent of. 
See “ Atmosphere, Thermodynamics of 
the,” § (7). 

General characteristics of. See “ Atmo- 
sphere, Physics of,” § (18). 

Pressure gradient in. See ibid. § (16). 

Types of. See ibid. § (16). 

Vertical flow in. See “ Atmosphere, Ther- 
modynamics of the,” § (16). 

Wind in. See “ Atmosphere, Physics of,” 
§§ (9), (16). 

Antonios db Dominos. Demonstration of 
rainbow. See “ Meteorological Optics,” 
§ ( 14 ). 

Aqueous Vapour, Absorption op Radia- 
tion by. See “ Radiation,” § (2) (ii.). 

Arcs : 

Circum zeni thal. See “ Meteorological 

Optics,” § (21) (ii.). 

Kern’s. See ibid. § (21) (iii.). 

Of Lowitz. See ibid. § (20) (iv.). 

Paranthelic. See ibid. § (22) (iv.). 

Parry’s upper. See ibid. § (20) (vi.). 
Tangent (upper and lower). See ibid. §§ 
(20) (v.), (21) (iv.). 

Aries, First Point op : basis of sidereal 
time at any place. See “ Clocks and Time- 
keeping,” § (1). 

Arithmometers. See “ Calculating Ma- 
chines,” § (4). 

The Thomas. See ibid. § (2) (i.). 

Assmann Psyciirometer : 

Measurement of temperature by. See 
“ Meteorological Instruments,” § (6). 
Description and use of. See “ Humidity,” 
§ («)- 

Atmosphere : 

Absorption of solar radiation by. See 
“ Radiation,” §§ (1) (i.), (3) (ii.). 

As a beat - engine. See “ Atmosphere, 
Thermodynamics of the,” §§ (1), (24) 
et seq. 

Circulation of : 

Effect of rotation of the earth. See 
“ Atmosphere, Physics of,” § (8). 
General : 

At sea-level. See “ Atmosphere, Ther- 
modynamics of the,” ii. 

At 8 km. See ibid. § (9). 

Kinetic energy of. See ibid. § (9). 
Bocal. See ibid. II. 

Dynamics of. See ‘ 4 Atmosphere, Physics 
of,” § (8). 

Equilibrium of : 

Adiabatic or convective. See ibid. §§ (3), 
( 6 ) (!-)• 

Isothermal or conductive. See ibid. § (6) 

(ii-)- 

Radiative. See ibid. § (6) (iii.). 

Friction of. See ibid. § (14). 

Kinetic energy of. See “ Atmosphere, 
Thermodynamics of the,” § (9). 


Origin and maintenance of the electrical 
field of. See “ Atmospheric Elec- 
tricity,” § (15). 

Oscillations of. See “ Atmosphere, Physics 
of,” § (17). 

Reflection of solar radiation by. See 
“Radiation,” §§ (3) (ii.), (4) (i.). 

Resilience of the. See “ Atmosphere, Ther- 
modynamics of the,” § (14). 

Revolving fluid in. See “ Atmosphere, 
Physios of,” § (15). See also 

“Density,” “ Eddy-motion,” “ Press- 
ure,” “ Temperature.” 

Stability of. See “ Atmosphere, Thermo- 
dynamics of the,” § (7). 

Thermodynamical processes in. See ibid. 
VI., §§ (22), etc. See also “ Press- 
ure,” “ Radiation,” “ Convection,” 
etc. 

Transmission of . solar radiation by. See 
“Radiation,” §§ (3) (ii.), (4) (i.). 

Water- vapour in. See “Humidity,” § (16). 

W ave-motion in. See “ Atmosphere, Physics 
of,” § (17). 


ATMOSPHERE, PHYSICS OF THE 

I. Statical, Aspects 

§ (1) Pressure. — I f we consider an atmosphere 
at rest horizontally and vertically, the vertical 
pressure on unit surface must be equal to 
the weight of the superincumbent atmosphere. 
Since the pressure on unit area of a surface 
centred at a particular point in a fluid is 
independent of the orientation of that unit 
area of surface, it follows that in speaking of 
the pressure at a point in a fluid we need 
not specify any particular direction. The 
pressure of the atmosphere is measured by 
means of a barometer. The standard type 
of mercury barometer consists essentially of 
a tube from which all air has been excluded, 
inverted over a well of mercury. 1 The pressure 
of the air maintains the mercury in the tube 
at a higher level than the free surface, and 
the difference in level of the top of the mercury 
in the tube and the well affords a direct 
measure of the atmospheric pressure. What 
is directly measured in this instrument is the 
length of a column of mercury, but it must 
be remembered that the pressure is the 
weight of the column of mercury per unit 
area of cross - section. Its dimensions are 
those of weight/area, MLT- a /E 3 or ML- 1 !- 2 . 
Pressure may be measured in terms of any 
convenient unit of length, such as the inch or 
millimetre, or the scale may be so graduated 
as to give the pressure in terms of a statical 
unit of pressure, such as the millibar (see 
“Bar” and “Millibar.”) The millibar is a 
pressure of 1000 dynes per square centimetre. 

J See “ Barometers and Manometers.” 
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§ (2) Variation of Pressure with Height. 
“ — -From the definition of the pressure at any 
point as the weight of a vertical column of 
unit cross-section with its base at the point 
considered, we can immediately derive the 
differential equation for the variation of 
pressure with height. Let p 9 p 9 T be the 
pressure, density, and absolute temperature 
in degrees Centigrade at a height z, p + dp the 
pressure at height z -f dz . Then - dp is the 
weight of a disc of air of unit area, and of 
thickness dz, 

dp - - pgdz. 


dp 

dz 


= -pg- 


(i) 


The equation cannot be integrated until we 
express p and g as functions of z. The value 
of g is to some extent variable both with 
latitude and height z above the ground, but 
these variations are small in comparison with 
the magnitude of g itself, and will be neglected 
in the subsequent discussion. In equation 
(1) substitute for p from the gas equation 
p —UpT. 


dp 

dz 


P9 

RT 


1 d/p 
or — , 
P dz 


ff 

RT 


(2) 


If T can be expressed as a function of height 
z 9 equation (2) can be integrated. The relation 
between T and z will depend on the mechanism 
which controls the transference of heat from 
one layer of the atmosphere to another. If 
conduction were the controlling factor, the 
atmosphere would be in isothermal equili- 
brium, T being constant at all heights. Equa- 
tion (2) then yields on integration 




p- 


Rl" 1 + const - 


If p 0 be the pressure at z — 0, the last equation 
becomes 

]> T 

z = — (log,. p n — log,, p), 

RT 

2 ~ff l°gjo e (logl ° Po ~ l0gl0 p) ' • (3) 

The height in feet is given by 

s 221-lT(log p 0 - log p) 9 
and in metres by 

z = 67*4T(log Pq log p). 

Actually the atmosphere is not in isothermal 
equilibrium and a closer approximation is 
obtained by assuming a linear relation between 
T and z 9 i.e. by assuming that the temperature 
T decreases uniformly with increasing height. 
Let T 0 be the temperature at the ground, and 
at height z let T=T 0 —pz* Equation (2) 
yields on substitution for T 

1 dp _ g 1 
p dz ~ ~ R T 0 ~ pz> 


which can be immediately integrated 

logp = *f log (T 0 - pz) + const., 

R/3 

T 0 - ftz = A p a , 

or if p Q is the pressure corresponding to z =0, 



if {3 is measured in degrees 0 per 100 metres. 
If we assume 1 as the value for ft (»°*5 C. per 
kilometre, we find for the height in metres the 
expression 

s=153-85T 0 ( 1 - pPy 190 \ 

V- \PoJ J 

§ (3) Stability of Equilibrium. — If the 
atmosphere is in statical equilibrium, the 
pressure at all points at the same level must 
be equal, since molecular motion always 
works in the direction of equalising any 
horizontal differences of pressure. The varia- 
tion of pressure in the vertical is given by 
equation (1), § (2) 



The fact that the resultant force on a floating 
body is equal to the weight of fluid displaced 
requires that the weight of any portion of air 
in equilibrium must be equal to the weight 
of an equal volume of the surrounding air. 
Hence the density of the air must be uniform 
at any given level. If the atmosphere is 
homogeneous, it then follows from the gas 
equation v =R pT that the temperature is 
also uniform at any given level. 

To determine whether the state of equi- 
librium in any case is stable, unstable, or 
neutral, we consider what happens to a small 
volume-element of the air displaced vertically 
from its original position. If it is displaced 
upward it will return to its original level, 
or be further displaced from its original level 
according as it is surrounded in its displaced 
position by air lighter or heavier than itself. 
The problem of an isolated mass of air moving 
vertically will be considered in a wider aspect 
before being applied to the problem in question. 

Let p, p 7 T be the pressure, density, and tempera- 
ture at height z. Let p 9 //, T', he the pressure, 
density, and temperature of a small mass of air 
moving vertically. The acceleration of the moving 
mass is — g + (p/p')(}> or — gr(I— T7T). In moving up- 
wards the small mass takes at all levels the pressure 
of the surrounding air. It will be supposed to move 
adiabatieally, i.e. without any interchange of heat 

1 “ Air, Investigation of the Upper” (Lapse rate), 

§ ( 11 ). 
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with the surrounding air. In moving from z to z -H dz 
its pressure is changed by 

dp = - gpdz = - JPjA • • • O) 

Let the volume of unit mass of the moving air change 
from v to v -|~ dv in the same interval- The amount 
of heat gained is 

= C v dT' -f A pdv, 

where C„ is the speciiic heat at constant volume, 
and A the reciprocal of the mechanical equivalent 
of heat. 

But pv = RT 7 and pdv « RdIT 7 — vdp 9 
dQ = (Gy -f AR)$T' - Avdp. 

If the pressure had remained constant, we should 
have had 

dp=0 and dQ—C^dT'. 

Hence — G v 4- AR 

and dQ^C p dT' — Avdp. 

Since the motion is adiabatic, dQ = 0, and 


dT' 


'—p 

gk T'. 

"cu r 


A dp 

7 " 


(1 A P , ?r 
' G P p' d 


■iz. 


( 2 ) 


This equation expresses the rate of change 
of temperature of the moving air in terms of 
the ratio of the temperature of the moving 
air to that of the surrounding air at the same 
level. 

If now we consider a small mass of air 
originally at level z to be displaced adiabatic- 
ally to z+ dz, its change of temperature will be 




fi a ' z 

Vflj 


( 3 ) 


from equation (2), since originally T 7 =T, The 
displaced air will return to its original position 
if 


dT _dT\ 
dz < dz 9 


it will be displaced further if 

dT dT' 
dz ^ dz ; 


and it will remain in its displaced position If 

_dT = _dT' 

dz dz * 


The equilibrium then is stable, unstable, or 
neutral according as — dTjdz is less than, greater 
than or equal to gA/ C P . The limiting value of the 
rate of change of temperature with height which 
gives neutral (or adiabatic, or convective) equi- 
librium is AglC, p — g[Ri (C^ — C lf )/C p = 0-00986, 
corresponding almost exactly to a fall of 
temperature of 1° for each 100 metres. 

If 0 denote the potential temperature, 
defined as the temperature which will be 
taken up by the element of air concerned 


if bro ught adiabatic ally to some standard 
pressure, it is evident that in the case of 
adiabatic equilibrium the potential tempera- 
ture is the same at all heights. In general 
the equilibrium of the atmosphere will be 
stable, neutral, or unstable according as 
ddjdz is > , = , or c 0. 

§ (4) Babometrtc Altimetry. — E quations 
(2) and (3) of § (2) can be applied to compute 
the height z at which a particular* pressure 
p is observed, provided the mean temperature 
T is known. If, for example, p 0 be the 
pressure at the ground (3 = 0) and the atmo- 
sphere be assumed isothermal, at temperature 
T, equation (3) can be directly applied to 
compute 3 . 

The ordinary altimeter of commerce is an 
aneroid barometer with a pressure scale 
graduated in inches, and movable height 
scale engraved on the outer edge of the dial. 
The height scale is graduated by the use of 
equation (3) of § (2), the temperature usually 
being assumed uniform at 50° F. or 10° 0. 
Allowance for variations in ground pressure 
is made by rotating the height scale until 
its zero is opposite the new ground pressure 
indicated by the index hand. 1 

Two classes of error are inherent in this 
type of altimeter. In the first place, if the 
mean temperature from the ground to the 
height of the observations differs from the 
standard temperature 10° 0., an error is 
immediately introduced. Putting in the 
values of the constants involved, equation (3) 
may be written 

s = CjpT(log p 0 - log p) 9 

where 0^ =07 -4 gives the height in metres, 
and C, —221*1 gives the height in feet. An 
increase of 1° in T from the standard value 
283° abs. increases the height correspond- 
ing to pressure p by 1/283, or with sufficient 
accuracy by 1/300, of the value read off the 
altimeter scale. The rule for correcting for 
temperature can thus be stated fin a simple 
form suitable fox* mental computation. For 

in > 

every 1° ^crease of temperature from 283° 

abs. or 10° C. su ^L.t •Tir otli of the height read 

off from the altimeter scale. If the tempera- 
tures are on the Fahrenheit scale the corre- 
sponding corrections are T; J r(V th. of observed 
height for each degree above or below 50° F. 

Actually the temperature of the atmosphere 
is never uniform at all heights. When observa- 
tions of temperature in the upper air are 
available, it is usual to take the mean tempera- 
ture over the range considered and to correct 
for the deviation of this mean temperature 
from the standard by the method outlined 
above. 

1 See c< Barometers and Manometers,” § (16), etc. 
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The second type of error is introduced by 
the adjustment of the height scale to changing 
ground pressures. Let the altimeter height 
scale he graduated by the use of equation (3) 
§ (2) for a ground pressure p Q . If the height 
scale be adjusted, to give zero height at a 
ground pressure p 0 ', then the height interval 
from p,/ to p will he the same as the height 
interval from to p + p v -p 0 ', on the 

unadjusted scale. The apparent height z' is 
therefore given by 

■Rip 

s' = “foge { lQ g Pa ~ lo S (P + Po~ Po')} - 
The true height is 

==,rii§ e (logjV ~ log p) - 

Error in assumed height 


RT 


log 


Po 


g l°g e ° 2>o P 


P 

■Po ' 


Po 


This error is zero at the ground (p~p a '), 
hut increases steadily with height, and may 
amount to over 1000 feet at 15,000 feet, if 
the ground pressure differs by as much as 11- 
inches from the normal. 

§ (5) Observed Temperature Gradients. — 
The mean distribution of temperature with 
height 1 iu the atmosphere is best explained 
by reference to the attached diagram (Fig. 1), 



which shows the mean distributions for summer 
and winter up to a height of 18 km. for the 
four stations Munich, Strasshurg, Trappes, 
and Uccle. 2 The most striking feature of 
the diagram is the sudden change in the slope 
of the curves at a height of about- 11 km. 

1 See “ Air, Investigation of the Upper,” § (11). 

- W. J. Humphreys, Bulletin Mount Weather 
Observatory , ii. 183. 


Above this limit the temperature remains 
sensibly constant or even increases slightly, 
in striking contrast with the steady decrease 
of temperature from the ground up to the 
11 km. limit. The upper region of constant 
temperature is called the stratosphere, the 
lower region of decreasing temperature being 
known as the troposphere. The region of 
sudden cessation of the lapse of temperature 
is called the tropopause. 

The suddenness of the change of lapse of 
temperature is somewhat masked in the 
diagram by the process of taking mean 
temperatures, since the height of the tropo- 
pause depends upon season, pressure condi- 
tions, and. latitude. It is higher in summer 
than in winter, higher above high pressure 
regions than above low pressure regions, and 
higher above the Equator than above polar 
regions. 

Even within the troposphere the temperature 
lapse shows several striking features. It will 
be noted that the curves for winter and summer 
are roughly parallel, showing that the tempera- 
ture distribution throughout the atmosphere 
is determined by the same factors, conduction, 
convection, and radiation, in winter and in 
summer. The diagram shows that up to 2 
or 3 kilometres the rate of fall of temperature 
is less in winter than in summer. This is 
due in large part to the frequent inversions of 
temperature near the ground in winter (see 
“ Inversion ”). 

Between 4 and 8 km. the lapse rate ap- 
proaches more nearly the ** adiabatic ” rate 
(see § (3))- These levels are beyond the reach 
of surface inversions, and are scarcely affected 
by turbulent motions produced at the ground. 
Beyond 8 km. the mean lapse rate decreases 
steadily, until at about 11 km. it becomes 
zero. 

The curves in Fig. 1 represent the mean of 
a large number of o bservations. The tempera- 
ture-height curve for a particular occasion, 
while following the main features of the curves 
shown in Fig. 1, may show considerable 
differences in detail. Inversions are frequent 
at the tops of layers of cloud of certain 
types, and in winter they occur frequently 
near the ground. Also outside the regions 
showing inversions the temperature lapse may 
show considerable variations from the mean 
value. 

§ (6) Theoretic at, Discussion oe the 
Temperature Distribution, (i.) Isothermal 
or Conductive Equilibrium . — By the medium 
of molecular motion heat is transferred^ by 
conduction through the air from the regions 
of higher to regions of lower temperature, 
without any mass transfer of air. 

Air is, however, an extremely poor conductor 
of heat, and Exner 3 states that if the diurnal 
» F. M. Exner, Dynamische Meteor ologie,, p. 57. 
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variation of temperature at the ground were 
transferred upwards only by conduction its 
amplitude at 1 metre would amount to only £ 
of the amplitude at the ground. Beyond the 
first few metres the effect would be entirely 
negligible. We may therefore conclude that 
conduction is at most an unimportant factor 
in. the vertical transference of temperature. 
Its effects would be entirely masked by the 
more rapid transference of heat due to convec- 
tion, evaporation, and condensation. 

(ii.) Adiabatic or Convective Equilibrium . — 
The first effect of insolation of the earth’s 
atmosphere is to heat those layers of the 
atmosphere in contact with the earth’s sur- 
face- If the air near the ground is sufficiently 
heated it attains a higher potential tempera- 
ture than the air above it, and the slightest 
disturbance will then cause it to rise. During 
the day such ascending currents are frequent 
in the atmosphere. They move upward 
without appreciable loss of heat by radiation 
or conduction, and so act as carriers of heat 
from lower to higher layers. This process 
of transfer of heat by mass transfer is known 
as convection of heat, and the ascending 
currents are called convection currents . 1 The 
rate of change of temperature with height 
within a convection current is given by 
equation (2), § (3). 

The effect of convection currents in the 
atmosphere, continued over a sufficiently 
long time, is to produce an increasingly close 
approximation towards adiabatic or convective 
equilibrium, in which an element of air moving 
vertically without loss or gain of heat takes 
at all heights the temperature of the surround- 
ing air at the same level. It has been shown 
that when this condition is satisfied the lapse 
rate of temperature is approximately 1 ° C. 
in 100 metres. Wiien the atmosphere is in 
adiabatic equilibrium any element of air 
displaced vertically will remain in its new 
position since there is no force tending to 
restore it to its original position, or to displace 
it further. If follows that adiabatic equi- 
librium is, from its definition, neutral 
equilibrium. 

It has been shown (§ (3) equation ( 2 )) that 
for adiabatic equilibrium - dTjdz - AgjG v . By 
integration this yields T =T 0 -(AgjC^z. To 
express the pressure p as a function of z , 
substitute for T in the statical equation 

1 dp _ g g 1 

P dz RT ET 0 - ( AgjG P )z 

On integration this yields 

log p = const. + log (t 0 - . 

1 “ Heat, Convection of,” Vol. I. 


If Pq be the pressure at z ^ 0 , this gives 

iT„- (Aff/CJ, 


(P \ cj T 0 -(Aflr/C J ,) 2 _T_jP p„ 

W = ' T 0 ~%~p 0 P 


i ZJZJL- — — * f U / l \ 

T 0 “T 0 ~p 0 Y* O 


Dor dry air, AR/O^ = 0*2884, and the equa- 
tion connecting pressure, temperature, and 
density becomes 


T __ (P\ 
% ~ \Po) 


’P \ O ’ 2884 _T 0 -(A?/C*): 


■- - ( 2 ) 


Along with this we have the adiabatic equation 
p = kpy which, putting in the value for 7 , may 
be written 


P _ 

u"4'i “ 


constant. 


• (3) 


If in equation ( 2 ) p 0 be taken as the standard 
pressure, T 0 becomes the potential tem- 
perature 6 . Hence 

\ 0*2884 

0 = TW 


Substituting T=p/R/>, we find 



where H is a constant. 

Equation (4) gives the relation between 
pressure, density, and potential temperature. 

(iii. ) Radiative Equilibrium . — The accepted 
explanation of the existence of the strato- 
sphere or isothermal layer occurred almost 
simultaneously to E. Gold 2 and W. J. 
Humphreys . 3 The basis of their theory is as 
follows : Within the. stratosphere vertical 
convection cannot occur to any marked 
extent, and the temperature distribution 
must be determined almost entirely by 
radiation and absorption. If the radiation 
and absorption are equal the temperature of 
any portion of the atmosphere remains 
constant . 4 

The chief difficulty which is met in any 
direct application of mathematical analysis 
to this problem lies in our imperfect knowledge 
of the constants of radiation and absorption 
which are involved. The discussion hero 
given is a variant of Emden’s proof , 5 due to 
F. M. Exner . 6 The high temperature radia- 
tion of the sun is essentially short- waved. 


2 Proc . Roy . Soc 1909, Ixxxii. A, 43. 

3 Astrophy steal Journal , 1909, xxix. 14. 

* This principle was previously applied toy 
Schwarzschild in a discussion of the equilibrium of 
the solar atmosphere, NachricMen K. GeselL zu 
Gottingen , 1906, p. 45. 

5 Sitzber. k, b. Akad. Wiss. Munehen, 1913, heft I. 

0 F- M. Exner, Dynamische Meteor ologie, p. 59 et 
seg. 
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while the radiation of the earth and of the 
earth’s atmosphere is essentially long- waved, 
the maximum of solar radiation being at 
wave-length (>7/x, and the maximum of 
terrestrial radiation at 10/x. The short- and 
long-waved radiations are assumed to have 
coefficients of absorption k x and respectively, 
and the atmospheric absorption is assumed 
to be entirely due to water vapour. 
This assumption is in fair agreement with 
observations. 

Consider the absorption and radiation in 
a thin layer of unit area containing a mass 
dm of water vapour {Fig. 2). The bounding 

koEcfm 

* I 


i t 

k a E dm A+dA 

Jj'iu. 2 


■f B+(/B 


surfaces will be assumed plane, the curvature 
of the earth being neglected. 

Let A t — downward moving solar radiation, 
A 2 = downward moving terrestrial or 
atmospheric radiation, 

B = upward moving terrestrial or 
atmospheric radiation, 

E = radiation from unit surface of a 
black body at the temperature 
of the layer considered = crT 4 , 
where <r is Stefan’s constant. 

In Fig. 2, A = A t 4- A a . 

The unit of mass of water vapour, denoted 
by m, is so chosen that in — 0 at the upper 
limit of the atmosphere, and m — 1 at the 
earth’s surface. The symbol m, denotes the 
mass of water contained in the whole atmo- 
sphere above a particular level. 

By Kirchoff’s law, the emission from the 
upper and lower surfaces of the layer considered 
is /.•» Edm. 

Since the temperature of the atmosphere 
and earth as a whole is to ho regarded as 
constant, the total amount of radiation 
moving inward across a sphere concentric 
with the earth is equal to the amount moving 
outward across the same sphere. Hence 

Ajl 4- A 2 — B . . . . ( 1 ) 

and dA t -I- dA,> — dli. . . . (2) 

The change in downward moving radiation 
is due partly to the partial absorption of A t 
and A a in tlio layer, and partly to the addition 
of the downward radiation from the lower 
surface of the layer. 

dA x 4- dA. 2 — - J^Aydrn — k t A z dm 4- k^Edrn, (3) 
dB — k 2 Bdm — k.,ftd>n. . . (4) 


In the first of these equations the long-waved 
radiation may be separated from the short- 
waved radiation, so that 

dA 1 ——k 1 A 1 dm or A L =Ie~^ l - m , . (5) 

I being the value of A, at the outer limit of 
the atmosphere. 

Adding equations (3) and (4), we find, using 
equations (2) and (5), 

2(dA t + dA 2 ) = 2dB = dA L + dA 2 + dB 
== ( — /jjAj - 7 c 2 A 2 +• 

= - (fcj — fc a )A 1 dm 
— - (&i — & 2 )Ie~ 


Integrating the last equation, we find 

A, 4 - A., = B = £ 1^1 ~A‘z e ~ ki m + constant. 
‘h 

When m = 0, Aj_4-A 2 :=B = I, 


.•.A 1 +A, = B = iI^l + ^-^- 1^8 “ ]•(«) 
Substituting for B in equation (4), we find 


According to Abbot and Fowlo, solar radia- 
tion is diminished by , l 0 th, and terrestrial 
radiation by ^ths in passing through the 
whole atmosphere. Hence e ~ ki = 0-9. This 
gives e~ = 6*1, and Tq = 0-105, k., =2-30. Since 
k{rn is always less than 0-105 we may for all 
practical purposes substitute = l 

so that the temperature is given by 



At the outer limit of the atmosphere m — 0 
and T = 216° abs., = -57® C. At ground level 
in — 1 , and T = 288° abs., =15° 0., in close 
agreement with the observed mean value 
of 14° G. 

The temperatures at intervening points 
cannot be directly deduced until we can 
state a relation between height h and the 
mass of water vapour m above this level. 
Harm 1 has given the empirical formula 

h 

fi=e 0 10 (woo for vapour pressure at height h. 

h 

It follows that m = ! 0 uo«5. By a straight- 

forward application of this equation and of 
the T equation Exner computes a table giving 
the temperature at different heights. The 
values are shown diagrammatically in Fig. 3. 
The temperature at 10 kra. is given as - 55° 0., 
in exact agreement with, the observed values. 
Comparing the diagrams of Fig#. 1 and 3, we 
see that radiation alone, if convection were 
absent, would give much lower temperatures 
at heights of 2 to 8 km. than the observed 
1 Lehrbuch tier M eteurologie, 1906, i>. 170. 
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temperatures. The temperature lapse at 
levels of about 2 to 5 km. would be so 
great that instability would arise through the 
superposition of dense cold air on lighter air. 


proximately to a temperature lapse of 2° F. 
for every 1000 feet of elevation, or 1° C. for 
275 metres of elevation. 

II, Dynamical. Aspects 



Fig. s. 


There is thus an essential antagonism between 
radiative and convective equilibrium. 

Emden suggests ( loo . cit. p. 115) that the 
instability produced by radiation from 
moderate levels of the atmosphere during the 
early part of the night accounts for the 
occurrence of maximum frequency of thunder- 
storms over the sea during the second half of 
the night. 

§ (7) The Variation op Density with 
Height. — The law of variation of density 
with height has already been derived in the 
two cases of isothermal and convective 
equilibrium. It is found that the atmosphere 
does not in fact approximate to either of 
these conditions. Observation shows that up 
to about 25,000 feet the mean density can 
be very accurately represented by the em- 
pirical formula 

p = /> 0 . 10-0-141.10-^ . . (1) 

where p Q is the density at the ground, and h the 
height in feet. 1 Above 25,000 feet the accuracy 
of the above formula decreases at first slowly, 
then rapidly, and above 35,000 feet it ceases 
to be even an approximate formula for the 
actual variation. Beyond 35,000 feet it is 
found that the density is very accurately 
represented by 

log & = 0-4935 + 0-21 . 10 -*(h - 35,000). (2) 
P 

Such formulae as are given above are of 
particular use in ballistic work. For if a 
standard pressure and temperature be assumed 
at the ground (usually 30 inches and 60° F.), 
the corresponding distribution of temperature 
can be deduced from equation (1) or (2) 
combined with the pressure-height relation 
dpjdz= — gp . Equation (1) corresponds ap- 

1 The Application of Meteorology to Gunnery 
(Wedderburn), p. 4. 


§ (8) Equations of Motion. — Consider a 
particle at a point O in latitude 0. Take 
rectangular axes Ox, O y, O z through this 
point, rotating with the earth, O z being the 
vertical to the earth’s surface at O, and Ox 
and O y being drawn towards west and south 
respectively. Let the component velocities be 
u, v , w. Let the forces acting on unit mass 
of the particle have components X, Y, Z 
respectively along the three axes. Then if 
co be the angular velocity of the earth, the 
equations of motion are 2 

* 2<jjw cos 0 - 2 cov sin 0 = X, 


dt 

dv 

dt 

dw 

dt 


4- 2 cou sin 0 
4- 2 cou cos 0 


== Y, 


*<7+Z 


If there is no vertical motion, w = 0, and 
the first and second equations may be written 

d'lb . . -vr 

_ _ 2oov sin <f> = X, 


dv 

dt 


+ 2c ou sin 0 = Y. 


The effect of the rotation of the earth is 
represented by the second term on the left- 
hand side of each of these equations. It is 
equivalent to accelerations 2 cov sin 0 along 
Ox, and —2 cou sin 0 along Qy, whose resultant 
is an acceleration 2cjV sin 0, V being the 
resultant velocity of the particle. The result- 
ant acceleration is at right angles to the 
direction of motion, and in the northern 
hemisphere is directed towards the right of 
an observer looking forward in the direction 
of motion. 

The result derived above is of fundamental 
importance in meteorology. It may be stated 
in the following form : The effect of the 
rotation of the earth upon air moving with 
velocity V is equivalent to a force of 2c oV p sin 0 
per unit volume acting at right angles to V, 
and directed to the right of an observer looking 
forward in the direction of motion. If this 
deviating force be included in the statement 
of forces acting upon each element of air, the 
rotation of the axes is immediately accounted 
for, and the subsequent discussion may be re- 
garded as referred to fixed axes. 

§ (9) Steady Motion in Frictionless 
Fluid. Gradient Wind. — The results of 
§ (8) can be applied to discuss the motion of 
air over the surface of the earth. For air 
2 See liouth’s 2 Rigid Dynamics , ii, 28. 
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near the ground it is necessary to consider 
the effects of friction with the earth’s 
surface and the turbulence produced thereby. 
We shall first consider the motion of air 
when these forces are neglected. The 
results so obtained will be applicable to 
the winds at heights sufficiently great to be 
removed from the action of turbulence at 
the ground. 

Steady motion under the conditions pre- 
scribed above will be a motion under balanced 
forces. These forces are (a) the gradient of 
pressure of magnitude P, say, directed towards 
low pressure, and (b) the centrifugal force, of 
magnitude p{v^/r) 9 where r is the radius of 
curvature of the path. Consider first the case 
of air moving along a great circle ; its path 
lies in a plane through the centre of the earth. 
In this case r is infinitely large, so that the 
centrifugal force vanishes and the gradient of 
pressure only need be considered. Let V be 
the velocity of the wind. Then the deviat- 
ing force due to the rotation of the earth is 
2t*)V p sin cf> at right angles to V. This must 
be balanced by the gradient of pressure P. 
Hence P = 2wVp sin <f> and its direction is at 
right angles to V, and towards the left. 
Steady motion under the action of the pressure 
gradient P is therefore at right angles to the 
gradient, or along the isobar, with low pressure 
to the left, and the velocity of the motion is 
P/2wpsin 0. The wind which balances the 
gradient of pressure is called the cc geostrophie ” 
wind. 

When the path of the air is not a great 
circle, but a small circle of angular radius r 9 
it is necessary to consider the centrifugal 
force involved in the motion. If R be the 
radius of the earth, the radius of the small 
circle is R sin r, and the centrifugal force is 
V 2 /R sin r 9 and the effective component of the 
centrifugal force, which is tangential to the 
earth’s surface, is of amount V 2 cos r/(R sin r) 
or V a /(R tan r). 

If the angle r is very small, we may take 
R tan r in place of R sin r to be the linear 
radius of the circle. It is in no sense necessary 
to the argument that the motion should be 
completely around the small circle. It suffices 
that the small circle considered should be the 
circle of curvature at the point of the path 
considered. 

For steady motion the gradient of pressure 
must balance the algebraic sum of the deviat- 
ing force due to the earth’s rotation, and the 
centrifugal force. The first of these is of 
magnitude 2 wVp sin <f> and perpendicular to 
the direction of V, and directed towards the 
low pressure ; while the second is of magnitude 
pV 2 /Rtanr, also acting at right angles to 
wind, and directed towards the centre of the 
curvature. Two cases arise, according as the 
centrifugal force opposes or reinforces the 


gradient of pressure, or according as the low 
pressure is on the concave or convex side of 
the isobar ; in other words, according as the 
pressure distribution is cyclonic or anti- 
cyclonic. The equations which determine the 
wind under the two sets of conditions are : 

Anticyclonic — 

p V 2 

— =2ojV sin d> — w cot r, 

p K 

Cyclonic — 

p V 2 

-- = 2wV sin d) + w cot r. 

p R 

The wind derived from the solution of the 
appropriate one of these equations is called 
the gradient wind . It differs from the geo- 
strophie wind in that it takes the curvature of 
the path into account. In medium and high 
latitudes the first term on the right-hand side 
of these equations is usually much more 
important than the second term, and a good 
approximation to the wind at a height 
sufficiently great to bo out of reach of the 
effect of turbulence at the ground is got by 
taking only the first term into consideration, 
i.e. the geostrophie wind is assumed. 

In low latitudes, on account of the factor 
sin <p involved, the geostrophie term becomes 
unimportant, and the second term only need 
be retained in the computation of the wind. 
The wind so derived is called the cyclo - 
atrophic wind . It may be noted in passing 
that when the geostrophie component is 
neglected the cyclostrophic wind is only real 
for cyclonic curvatures, so that small closed 
anticyclonic isobars are not possible in equa- 
torial regions. 

It is usually considered that the geostrophie 
wind is a close approximation to the wind at 
1500 —3000 feet. This is based on a detailed 
comparison by 15. Gold {Barometric Gradient 
and Wind Force M.Q . 190) of the geostrophie 
wind computed from M.S.L. isobars with the 
observed wind at 500 metres. Gold found 
remarkably close agreement, but on the aver- 
age the velocities observed at 500 metres were 
slightly lower than the computed wind. 

§ (10) Wind in the Tropospiieiuo : Effkot 
of Horizontal. Te m p era tu it e Gradients. — 
It may bo accepted as a basic principle that 
in any layer out of reach of the effects of 
surface turbulence the wind will approximate 
to the geostrophie w i n d eo mpu tod from th e 
gradient of pressure for that particular layer . 
But the distribution of pressure at any level 
depends not only on the distribution of 
pressure at mean, sea-level, but also on the 
distribution of temperature in the intervening 
layers. 

Let p t p, T denote the pressure, density, and 
temperature at a point x, y , z 9 the axis of z being 
vortical, and the axes of x and y any convenient 


- • (i) 
. . ( 2 ) 
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rectangular axis in the horizontal plane. Then in 
general p, p, T are functions of all three co-ordinates 
x, y, z . Let u, v be the components of the geostrophic 
wind parallel to the axes of x and y* Then 


2a)pu sin <p 
2oopv sin cp 


Substituting 



( 1 ) 


R T 
2 ot) sin <p v 


( 2 ) 


From the fundamental statical equation 

dp 
dz 


9P 


it follows that 


1 dp 
p dz 


J 

' RT" 


(3) 


Differentiating this equation with respect to x 9 and 
substituting from (2) 


R 


or 


Similarly 


± { 

n dp s 

\ d * i 

(k>gjP 

\ 

dx ' 

\p dz , 

/ dxdz 1 

) = 

2o3 

Bin <p 

R 

m- 



u 


g_ 

] 

dT 

dz\ 

tJ 

2oj sin 

</> T 2 

dx 

±t 


9 

1 

dT 

dz \ 

W 

2<x sin . 

r/> T 2 

dy 


°L 

dz 


(idp\ 

\p dx) 


(4) 


When there is no horizontal gradient of tempera- 
dT dT 

ture, or — == --=0, equations (4) show that the 

geostrophic wind at any point is proportional to the 
absolute temperature at that point. 

Equations (4) may also be written 


du u dT 


9 


1 dT 


dz T dz 2 w sin <p T d?/ 

dv dT g 1 dT 

dz T dz 2oo sin <p T dx 

On substituting for u and v from equations (1), and 
putting g=-(l/p) (dp/dz) 9 we may write these 
equations in the form 


du^ 1 fdp dT_dp dT \ ^ 

dz 2pToj sin <p dy dz dz dy ) 
dv __ 1 f dp dT ^ dp dT ^ 

dz 2pToj sin <pVdx dz dz dx j 


(5) 


This is the condition that the tangent planes to the 
isobaric and isothermal surfaces should coincide 
at all points, or that the isobaric surfaces should 
also be isothermal surfaces. 

Integrating equation (4) we find 


u u i 


g f z l dT \ 
T T 0 2w sin <pJ z<> T § dy I 

«-”o + 9 f Z l i 

T T 0 2a; sin <p J Z T 2 dx * ) 


. (<>) 


where u Q , t? 0 are the components of the geostrophic 
wind at height z Q , and T 0 the corresponding absolute 
temperature. 

Thus the geostrophic wind at height z is 
made up of 

(a) A component equal to the geostrophic 
wind at level z Q reduced in the ratio T/T 0 . 

( b ) A “ thermal wind 55 whose components 
are 


The condition for constant geostrophic velocity 
at all heights is 

dp . dp , dp dT . dT . dT 

dx dy dz dx dy dz 


gT 

2w sin 


r f z i d' 

in cb j T 2 d 

— Zn 


*' dT, , gT f z l dT, 

dy 2« sxn d> / T 2 dx 

Zo J Zq 


The magnitude of the thermal wind will 
increase steadily with height within regions 
where the horizontal gradient of temperature 
maintains its general direction unchanged. 
The signs of the components of the “ thermal ” 
wind show that it circulates around low tem- 
perature in the same sense as the ordinary 
geostrophic wind circulates around low press- 
ure, i.e. with low values to the left. If the 
temperature decreases towards north the 
thermal wind is west to east. When the 
gradients of temperature and pressure are 
parallel the wind increases with height. When 
these two gradients are opposed to one 
another, the wind will decrease with height, 
and may be reversed at moderate heights 
if the temperature gradient is relatively 
large. 

The results derived above are not easy to 
apply to the computation of the geostrophic 
wind at different levels, on account of the lack 
of observations of the distribution of tem- 
perature in the vertical. They may be 
directly applied, however, to the large-scale 
variations of temperature of the globe. In 
the troposphere the mean latitude variation 
of temperature is a steady decrease from 
equator to pole. The effect of this is to 
superpose upon the winds at low levels a 
component from west to east increasing with 
height. This is in agreement with observed 
facts, accounting in a simple manner for the 
general increase with height of westerly 
winds, and the general decrease with height 
of easterly winds. 

For descriptions of detailed investigations 
of the variation of wind with height, reference 
may be made to the work of Cave, Dines, 
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Dobson, and Gold. 1 A useful summary is 
given in the second paper by G. M, B. Dobson 
referred to above. It is there shown that the 
wind shows a general tendency to increase 
with height within the troposphere, while at 
the base of the stratosphere the velocity falls 
off rapidly, indicating a reversal of the hori- 
zontal temperature gradient within the 
stratosphere. 

If the wind distribution at different heights 
b© known from observation, and the vertical 
temperature distribution be known or assumed 
to have mean values, the horizontal tempera- 
ture gradients can be computed by the use 
of equations (4) and (6). An example is given 
below, where the horizontal temperature 
distribution is calculated from the results of 
a pilot balloon ascent followed by Capt. Cave 
on April 29, 1908, at Ditcham Park. Equa- 
tions (4) may be written in the form 

,(u\ _ _ g 1 dT , 

\TJ ~ 2« sin cf> T* ’dy' 

In the example dz = 1 km. = 1000 metres, and 
mean values of T are taken from the Com , - 
puter's Handbook , Section II. p. 55, Table IV. 
The component velocities to E and N, u and 
v 9 are shown in the third and seventh columns. 


the average temperature gradient is about 2° C. 
per 100 k. from N.E. and it produces a change 
in u of 4 9*3, and a change in v of -8-8, or 
gives an added wind of about 12 metres per 
second from S.E. in 2 k. of height. 

§ (11) Wind in the Stratosphere. — Dob- 
son’s analysis of the upper wind observations 
contained in the publications of the Inter- 
national Commission on Scientific Aeronautics, 
showed that in the upper region of the tropo- 
sphere the wind increased steadily, reaching 
a maximum at the base of the stratosphere, 
after which there was a pronounced decrease 
in velocity. These conclusions confirmed those 
previously stated by Cave ( loc . ciL p. 61). The 
change in the nature of the wind variation on 
entering the stratosphere can only be accounted 
for by a reversal of the temperature gradient 
in the lower layers of the stratosphere. With 
increasing height the pressure gradient must 
also decrease rapidly. 

Observations reaching heights well within 
the stratosphere are of necessity rare ; the 
discussion of even the small number of obser- 
vations available has brought to light a number 
of remarkable facts. It appears that above 
the column of cold air which represents the 
low pressure in the troposphere, there is a 
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The last column gives the direction of the 
resultant temperature gradient (increasing 
temperature) and the last column but one 
gives its magnitude in degrees Centigrade per 
100 km. The calculation assumes that from 
1 km. upward the effects of turbulence are 
negligible, and that all changes in wind are 
due to the horizontal distribution of tem- 
perature. This example gives an idea of the 
magnitude of velocity effects produced by 
temperature gradients- — e.g. from 4 k. to 6 k, 

1 0. J*. I\ Cave, The Structure of the Atmosphere 
in Clear Weather, Cambridge University Press. 
,T. 8. Dines, Advisory Committee for Aeronautics — 
Reports and Memoranda , various reports on wind, 
structure, G. M. B. Dobson, Q. J. Roy. Met . Soc. 
1914, xl. 1.23, and April 1920. E. Gold, Barometric 
Gradient and Wind Force MX)., No. 190 —The Inter- 
national Kite and Balloon Ascents M.O . ; Geophysical 
Memoirs, No. 5. Sir N. Shaw, Manual of Meteorology, 
part iv. 


column of warm air in the stratosphere, while 
the reverse holds for regions of high pressure. 
At great heights in the stratosphere there is a 
tendency for equalisation of temperature in 
the horizontal as well as in the vertical 
direction. 

§ (12) Variation of Wind with Height in 
the Lower Strata. — Hitherto only winds at 
heights removed from the effects of surface 
friction have been considered. Wo shall now 
discuss briefly the nature of the variations of 
wind in the strata immediately above the 
ground. With increasing height it is found 
that the wind, veers steadily, while the velocity 
increases, rapidly in the first 60 or 70 metres, 
afterwards more slowly up to about 500 metres, 
at which height the wind usually approximates 
to the geostropliic wind. The changes beyond 
500 metres usually depend largely upon the 




32 


ATMOSPHERE, PHYSICS OF THE 


temperature distribution, and have ali’eady 
been discussed in the preceding sections. 

Numerous formulae have been put forward 
as approximate statements of the mean varia- 
tion of wind in the first 500 metres. Sir N. 
Shaw and Capt. C. J. P. Cave, 1 in examining 
the results of observations at Ditcham Park, 
found that the variation of wind with height 
could be expressed with fair accuracy by the 
formula V H = (H-b a)/aV Qf where Vh denotes 
the velocity at height H above the anemometer, 
V 0 is the velocity recorded by the anemometer, 
and a is a constant depending on the exposure 
of the anemometer. A similar formula was 
found to hold for Pyrton Hill and Brighton, 
but not so satisfactorily for observations at 
Glossop Moor in Derbyshire, a high-level 
station. 

Heilman’s 2 observations over flat meadow 
land at Nauen at heights of 2 m., 16 m., 
and 32 m. above the ground conformed 
to an empirical formula v = ffll In a later 
paper 3 Heilman gave instead a formula 
V = a log (H -f c) H- 6, where a , 6, and c are 
constants. This is a more general formula 
than that of Chapman (M.O. London, Prof. 
Notes No. 6, 1919), V = a log H+ b. Chapman 
showed that his formula fits with fair accuracy 
a number of observations made by Dines, 
Dobson, and Cave. It was found, however, 
that Chapman’s formula gave a very poor 
fit for the variation of wind with height at 
Butler’s Cross near West Lavington, on Salis- 
bury Plain. 

None of these formulae, or of the many 
others which have been put forward as state- 
ments of the variation of the wind with 
height in the lower layers, afford any indica- 
tion of the physical causes which underlie 
the variations. The whole question was put 
on a basis of physical reasoning for the first 
time by G. I. Taylor’s papers on Eddy Motion, 
Taylor explained the variation of wind with 
height as a direct product of turbulence in the 
atmosphere produced by friction at the ground. 

§ (13) Turbulent Motion in the Atmo- 
sphere. — When a fluid moves over an uneven 
surface the motion is turbulent, as when a 
stream flows over an uneven bed. The small 
eddies formed near a projecting rock show most 
distinctly, but disturbances from uniform 
motion also occur down near the bed of the 
stream, and can be made visible by dropping 
fine sand into the stream. 

Similar eddies form in any current of air 
moving over the surface of the earth. Normally 
the pattern of the eddies is not visible, but it is 
made visible to the eye in the trail of smoke 
from a factory chimney, a garden fire, or a 
moving steamer. It may be noted in passing 

1 Advisory Committee for Aeronautics — Reports and 
Memoranda , 1909, No. 9. 

2 Met. Zeitschrift , 1915. 

3 Preuss . ATcad. Wiss.^ Berlin, 10, 1917. 


that eddies do not form in the trail of smoke 
from a steamer moving in still air. Under such 
conditions the trail of smoke forms a uniform 
flat ribbon sometimes stretching for some miles. 

The effect of eddies passing a particular 
point is to produce instantaneous changes in 
velocity and direction of the wind, and the 
effect on an anemometer record is to give a 
ribbon of varying width for both velocity and 
direction records, instead of the straight lines 
which would record constant winds. Usually 
a broad velocity trace is associated with a 
broad direction trace. Taylor 4 showed by simple 
calculation that the mean deviations from the 
average wind, along and perpendicular to the 
average direction, were equal. In the same 
report Taylor also showed from observations 
of a tethered balloon that the mean deviation 
of the vertical component of wind was equal in 
magnitude to the mean deviation of the cross- 
wind component. If we call the difference 
between the instantaneous wind and the 
average wind the eddy wind, it may therefore 
be taken as fairly well established that the 
components of the eddy winds in three per- 
pendicular directions have the same mean 
value, or, in other words, that there is cqui- 
partition of energy of the eddy winds in all 
three dimensions. This is strictly analogous 
to the equipartition of molecular energy in 
three dimensions. In Taylor’s discussion of 
eddy motion the eddies form the mechanism 
which transmits heat, humidity, or horizontal 
momentum upward or downward in the atmo- 
sphere. It is not possible to apply mathe- 
matical reasoning to the history of an isolated 
eddy, but it may be applied to discuss the 
effect of a large number of eddies, just as the 
kinetic theory deals with mean motions of 
molecules. 

The power of the atmosphere to transmit 
heat, etc., vertically is represented by a con- 
stant K, the eddy diffusivity, which is roughly 
equal to bwd, where w is the mean vertical 
component of velocity, and d the mean dia- 
meter of the eddies. 5 If 0 be the potential 
temperature at height z, the rate of trans- 
mission of heat across unit area of horizontal 
surface at this height is K pa(d6/dz). The rate 
of gain of heat by a disc of unit area and thick- 
ness dz is 


T<r a*e, 

^ pa ~d^ dzz 


do , 

zpa dt dz ’ 


or K 


d*0 

dz 2 


dO 

'' w 


( 1 ) 


This equation is of the same form as the 
equation for conduction of heat in a solid of 
conductivity K, except that in the solid 0 
■would become the actual temperature. 

Taylor 6 first applied this theory of vertical 
diffusion of heat in a discussion of observations 

* Add. Com. Aer. R. and M„ No. 345. 

®. Gk I- Taylor, “ Eddy Motion in the Atmosphere,” 
Phil. Trans. A, 1914, ccxv. 1. 

“ Report of SS. Scotia to Board of Trade,, 1913. 
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which he made on SS. Scotia off the Great 
Banks of Newfoundland. Numerous cases were 
observed of fog associated with inversions of 
temperature at the surface. Taylor traced 
backward the history of the air currents 
involved. In a typical case of an inversion 
of temperature up to 400 metres, above which 
the temperature lapse approached the value 
of the dry adiabatic rate up to 750 metres, the 
wind current after coming from the interior 
of Labrador had for three days passed over 
water which was cooler than itself. The 
cooling of the air near the sea surface was 
transmitted upward by eddy motion, and the 
application of a formula due to Taylor (loc. tit.) 
connecting the height z to which eddy motion 
would reach in time i 9 z 2 ^4'K t/pcr, gave a 
direct means of computing K. The mean value 
of Iv derived from such observations was 3T0L 

Observations of diurnal variation of tempera- 
ture at heights of 123, 197, and 302 metres above 
the base of the Eiffel Tower afforded a means of 
deducing the value of Iv over Paris. If in the 
last equation we put 6 2 = tt/TK a solution of the 
equation is given by# = Ae"~ bz sin (27r(£/T) — bz). 
The solution may be made to represent the 
diurnal variation, which is almost accurately 
a sine curve, by making T =24 hours. The 
range of variation is 2Ae“"^, and the ratio of 
the total range at two known heights z x and z 2 
is e~~ z -\ from which the value of b and 

hence that of K may be immediately deduced. 
Taylor 1 gives a table of values of K deduced by 
this method for different ranges of heights for 
each month of the year. The values of K so 
deduced were greatest in summer, and showed an 
increase with height in summer, and a decrease 
with height in winter. The mean value of K 
so deduced was 10 5 . It should be noted that 
th© value of K varied in the same sense as 
the difference in temperature between the top 
and base of the Tower. This accords with what 
might have been anticipated a priori , since the 
frequent inversions of temperature in winter 
tend to check the upward motion of eddies, 
while the nearer approach to adiabatic lapse 
in summer favours the spontaneous formation 
and upward motion of eddies. 

§ ( 14 ) Variation of Wind with Height in 
the Surface Layers. — In the discussion of 
eddy motion in the atmosphere Taylor showed 
that if u and v be the components of velocity 
parallel to horizontal axes x and y, the rates 
of gain of momentum parallel to these axes, 
in. unit volume at height s, are l\.p(d“uldz*), 
K p(d 2 v/dz 2 ) 9 K being the constant used in dis- 
cussing temperature variations. If the motion 
be steady the resultant gain or loss of momen- 
tum must balance the other forces acting on 
the clement of volume considered. The eddy 
diffusion of momentum can be regarded as 

1 Proc. Roy . Soc. 94 A, p. 141. 


an internal frictional force, and is in fact th© 
“virtual friction” of Ekman. 2 

Now consider the conditions for steady motion of an 
element of air at O moving in the direction OP {Fig. 4). 
Let Oic be tangential to the mean sea-level isobar, 



Qy perpendicular to it, in the direction of decreasing 
pressure. Let O be at height z above the ground. 
The element at O is acted upon by (1) the gradient 
of pressure along O //, of magnitude 2ooGp sin <p> 
where G denotes the geostrophic wind velocity ; (2) 
the deviating force due to the earth’s rotation, acting 
along 0Q» whose components are 2a )pv sin 0, and 
- 2 ojpu sin 0 ; and (3) the virtual friction along OR, 
whose components are K p(d 2 u/dz 2 ) and K p(d 2 v/dz 2 ). 

Resolving along Ox and Oy we find as conditions 
for steady motion : 

d 2 U . 

- , 2 =2 oov p sin 0 

ctz 


K p 


d 2 v 
dz 2 '' 


2 coup sin 0 Op sin 0 


( 1 ) 


Multiplying the second equation by i, and adding to 
the first, and writing V « u + iv wo find : 

5^-2 4> (V- Q)-(l + i)“B a (V - G), (2) 

dz Jv 


where B 3 is written for oo sin cpj K. 

If we assume that B and G do not vary with height 
the solution of this equation is 

V - G •= C l e< 1 + *> BS -|- C 2 e“ < :1 + *> Bz . . (3) 


Since we cannot admit of the velocity varying 
indefinitely with height, we must have C?i = 0. 
If a denote tlio angle between the wind at the ground 
(3 = 0) and the tangent to the isobar we find a on 
introducing the condition that the slipping at the 
ground is in the direction of strain that the value 
of 0., is a/SG sin ad {a + (37 t/4) [ . 

u - G + iv = V - G =* sJ2G sin ac ~~ B v( tt ^ 4 “ ^ 


or u 


-= G - X /2G sin a (i ~ Bj3 eos ^ j 


y = n / 2G sin ae hz sin — 


» (5) 


which are equivalent to Taylor’s equations fort/, and v. 


3 Arkivf. Mat. AM. oeh Pt/tik, 1005, Bel. 2, H. 1-2. 

3 See Brunt, 41 Internal Friction in the Atmo- 
sphere/’ Q.J. Roy. Met Soc., April 1020, xlvi. 
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The exponential form admits of a simple 
geometrical interpretation. If in Fig. 5 OG 



represents the gradient wind G in magni- 
tude and direction, and OP represents the 
wind at height z in magnitude and direction, 
the vectorial difference PG is represented 
by the right-hand side of equation (4) so 
that PG= n/2G e-Bz sin a, and, therefore, 
decreases exponentially with increasing height. 
Also the angle PGO' = a4- (3tt/4) -Bz, so that 
PG rotates uniformly with increasing z. 
These laws of variation of PG are equivalent 
to stating that P sweeps out an equiangular 
spiral 1 to which the vector representing the 
surface wind is a tangent. The angle between 
PG and the tangent at P is 7r/4. 

This spiral affords the simplest method of 
summarising the distribution of wind with 
height which is represented by the equa- 
tion (5). At the ground (z =0) the velocity 
is G(cos a - sin a). With increasing elevation 
the velocity increases, at first rapidly, then 
more slowly, veering steadily the while. At 
Px it attains the velocity of the geostrophic 
wind. At P 2 it reaches a maximum, and at 
P 3 it first attains the direction of the geo- 
strophic wind. The height of P 3 (H a> say) is 
given by 

« + ^-BH, = 0 or II 3 = a+ ^ 7r/4 ). (6 ) 

To find the height of P x (say H x ) join P X G and 
bisect it at M, and join OM {Fig. 6). Then 



using relations previously deduced, we have 
P 1 G = 2MG = 20G cos OGM= -20G cos PGO, 

or v / 2G sin ae ~ BH a = 2G cos (a - ~ - BH 2 ) 

sin a . e - nH * = ^2 cos (a - ~ - BH 2 ) . (7) 

If a be known, and also H x and H 3 , the heights 
at which the wind attains the direction and 

1 This is discussed fully and compared with 

observations by Hesselberg and Sverdrup, Beit. 

Phys. Atm., 1916, vii. 156. 


the magnitude respectively of the geostrophic 
wind, equations (6) and (7) afford two inde- 
pendent determinations of B. Observations 
made by Dobson at Upavon afford estimates 
of H x and H 3 , the mean values being about 
300 metres and 800 metres respectively. The 
values of K so deduced were 6-2. 10*, 5-0.1 0' 1 , 
and 2-8. 10 4 for strong, moderate, and light 
winds respectively. These values are some- 
what higher than the mean value observed 
over the sea, 3.10 3 , but are nearer to the mean 
value of 10 5 obtained for eddy diffusivity 
over Paris from a discussion of diurnal varia- 
tions of temperature. 

Alter bio m, 2 from a comparison of the 
velocity and direction of the wind at the base 
and at the top of the Eiffel Tower, using equa- 
tions equivalent to our equations (1), deduced 
values of K, 6-5.10 4 during winter, and 9-23.10 4 
during summer. In a similar way Hesselberg 
and Sverdrup {loc. cit.) deduced the value 
K = 5.10 4 from an analysis of pilot balloon 
ascents made at Lindenberg. 

The “ virtual friction ” or resultant loss 
of momentum has been represented by 
Kp(d 2 V / clz 2 ). From equations (2) and (4) 

= 2 ipu sin 0(V - G) 

= 2 *j2ipu sin <^G sin a e“ I3z + 4 ( a + "3*- B2! ) 

=2^/2 pu sin <£G 3in ae ~ Bz e 1 '( a - + 77 ~ B2 ). 

The virtual friction acts, therefore, at right 
angles to PG, and at the ground (z = 0) it 
therefore acts at an angle of 45° with the surface 
wind. But if, in Fig. 4, R represents the 
virtual friction, R is the resultant of the 
pressure gradient and the deviating force duo 
to the earth’s rotation. The pressure gradient 
can be computed from a chart, and the deviat- 
ing force can be computed from the observed 
wind, and so R can be found. Akorblom (loc. 
cit.) computed the magnitude and direction 
of R at the top and at the base of the Eiffel 
Tower. The magnitude of R is proportional 
to e Bz , and, therefore, the ratio of R for base 
and top of the tower ~~ & ^(^1 2 o) 5 and since 

z i ~ z o = 286 metres, B can be computed. Also 
the angle between R at the top and base of 
the tower = B(s 1 - z {) ), and from this the values 
of B can again be computed. The values of 
K deduced from the change in magnitude 
and from the change in direction of R were 
consistent, yielding K = 6-8.10 4 for winter, and 
K = 9-3.10 4 for summer. 

The values of K referred to above are 
collected in a table for purposes of comparison. 

., C.G.S. units. 

At sea over Great .Banks from tempera- 
ture distribution 3.10 a 

Over Salisbury Plain from wind distribution 5.10 4 

2 IJpsala, Soc. Scient . Acta, 1908, ser. iv. vol. IL 
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C.G.S. units. 

At Eiffel Tower. Taylor’s determination 

from temperature distribution . . 10. 10* 

At Eiffel Tower. Akerblom’s determina- 
tion from wind distribution . ♦ 7-6.10* 

At Eiffel Tower. Brunt’s determination 

from internal friction . . . . 7-4.10* 

Lindenbcrg, Hesselberg, and Sverdrup 

from wind distribution . . . 5.10* 

As might bo expected the eddy conductivity 
is less over the sea than over grassland, and 
greater over Paris than over either. The 
closeness of the mean values obtained from the 
Eiffel Tower observations of temperature and 
of wind distribution indicate that Taylor’s 
hypothesis that the same agency transmits 
both temperature and momentum is substan- 
tially correct, or that the same constant K is 
involved in the equations for transmission of 
heat and momentum. 

Taylor’s theory thus gives a dynamical 
reason for the difference between the structure 
of the lower strata of the atmosphere over 
sea and land, over town and plain. Since the 
coefficient K varies with the lapse rate of 
temperature and with velocity, the wind 
structure will vary with the time of day and 
with the season. 

It is customary to speak in a rather loose 
manner of the “ regions beyond the reach of 
turbulence,” and it is of some importance to 
define the height at which the effect of tur- 
bulence becomes negligible. This may be 
defined as the height at which PG becomes 
negligible in comparison with OG (Fig. 5). The 
wind direction first reaches the geostrophio direc- 
tion at a height far+a/'B. If we assume 
K = 10 * 5 , B = 2*4. 10 and with a = 22 J°, this 
gives for the height H t 1145 metres. At this 
height e™ -004, and P 3 G= n/2 si na *064G 
or P 3 G = 033G. At 1500 metres e~~ BZ ^*027, 
and n/2c ~ Bz sin a — -0139. Thes figures would 
indicate that the geostropliic wind should be 
taken as a measure of the wind about 1000 
to 1500 metres. At 500 metres e~~ BZ = -‘>05 
and n/2 sin ae - ns = -156, and / PGO' = 90°, 
()P=1-01G, and /„POG = 9°. Thus at 500 
metres the wind should he slightly above the 
geostrophic wind and should b© at an angle 
of 9° to the isobars, blowing into the region 
of low pressure. The effect of turbulence will 
die out at a lower height if B is increased or K 
decreased. If K is halved B is increased 41 
per cent, and the height at which turbulence is 
negligible is 70 per cent of the original height. 

§ ( 15) The Persistence of Moving 
Cyclones. — The cyclones observed on the 
synoptic chart usually have a motion of trans- 
lation to east or east-north-east in the northern 
hemisphere. It is necessary to consider, there- 
fore, the conditions under which a moving 
cyclone can persist. The question has recently 
been discussed by Sir Napier Shaw in two 


papers. In the first 1 he assumed that the 
velocity of the wind in the cyclone was every- 
where constant. The general result of this 
discussion was that revolving fluid should be 
looked for in the secondaries which form in the 
outer regions of large depressions rather than 
in the central portions of the depressions 
themselves. In a later paper 2 a cyclone was 
assimilated to a spinning horizontal cartwheel 
endowed with a motion of translation in its 
own plane. This simple conception helps to 
explain a number of the salient features of the 
cyclone, and will be considered in some detail. 

In Fig. 7 let O be the centre of the rotating 
disc, moving along OA with velocity XT, and 
let the angular 
velocity of the disc 
he £. There will 
be a point 0 / on 
the line through 
O perpendicular 
to OA, such that 
00'.£=U. The 
point O' will be 
the instantaneous 
centre of the disc, 
and it is a matter of simple geometry to 
prove that the instantaneous motion of any 
other point P in the disc is £ 00?, perpendicular 
to OP, equivalent to an instantaneous rota- 
tion with velocity £ about the point O'. The 
point O' will thus be the centre of the winds 
in the cyclone, or the kinematic centre, while 
0 is the centre of the revolving fluid or the 
“ tornado ” centre. It will be seen later that 
the isobars form a system of concentric circles, 
whose centre is on O'O produced. 

It is necessary to show that such a system 
of motions as is contemplated in the last para- 
graph is dynamically possible. The problem 
will here be treated as a two-dimensional 
problem starting from the Eul.eri.an equations 
referred to uniformly rotating axes, following 
the lines of a discussion by Lord Rayleigh. !J 
Surface friction and turbulence are neglected, 
and the atmosphere is treated as incompressible 
and in viscid. ’ The results of the discussion arc 



In Fig. 8 let (h:, ()// bo rectangular axes fixed 
relative to the earth, and rotating with it. They 

1 Proc., Roy . Soc. A, 1917, xciv. 34. 

3 MX). Geophysical Memoirs, No. 12. 

3 PhiL Mag., 1919, xxxvilL 420. 
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therefore have a maiform rotation of to sin <p about O. 
The motion to be investigated is that of a ring of 
particles of radius r, whose centre C moves with 
uniform velocity U along Ox, while the ring rotates 
with uniform angular velocity £ relative to the moving 
axes. Let O be the initial position of G at time t — 0. 
Then 00 = JJL The component velocities of P 
along Ox , Oy are 

. • ( 1 ) 

The Eulerian equations give 1 

I dp „ . 0 , ^ . T>u 

- ~ =to z am* <bx^-2tov sm <b — — 
pdx ^ v Dt 

1 dp o . _ . D’U 

- — z- = co* sm cby — 2oou sm cb-~ — 
p dy Di 

The last terms in these two equations are the com- 
ponent accelerations relative to O, and are there- 
fore equal to — f 2 (a?—I Jt) and ~ £ 2 y respectively. 

In equations (2) substitute for u~ v, T>u/T>i 9 T)v/Dt . 
Then 



1 dr) 

- — ■ = w 2 sin 2 0aM-2u»£(a? — U t) sin <p q-£* 2 (a;— ut) ^ 

P , f M3) 

- rJ- = tj2 sin2 2w (U - tv) sin <p + t 2 V J 

But r 2 = ( x-UT) s +!/ z 

an d rdr = (x — Utf )dx 4- ydy . 

From equations (3) 

*£«lf. dx+ lfdv, ... ( 4 ) 

p p dx p dy 

j 

- = £o 2 sin 2 cf>{xdx ~\~ydy) -\-2to sin <pXJdy 

p 

-h(2o ; sin <p$ -b£ 2 )rdr* (5) 


If this equation can be integrated the motion 
contemplated is dynamically possible. So far it 
has only been assumed that f is constant for the 
ring of particles of radius r. The result shown 
in equation (4) allows of £ varying with r. In the 
special case considered by Shaw f is constant. 
Equation (5) then yields on integration 


^ = .|co a sin 2 <p(x 2 +y 2 ) sin <j>\Jy 

-hi(2u sin f a ){(a-U0 a 4-2/ 2 } -f const. (6) 
When the cyclone is at rest U = 0, and 


=J(a> sin efi +f) 2 (x 3 “h// 2 ) + const. (7) 

The terms in to 2 sin 2 d> may be neglected by com- 
parison with the terms in to sin cf > . f and f 2 , and 
equation (6) may be written 


P 

P 


= constant-f-(a;f sin 


^(as-U£) 2 -f ^?/- 


coU si n 4> \ 2 \ 

to£ sin J ^ ' 


The system of motions contemplated in Fig. 10 
is thus dynamically possible. Equation (8) 
shows that the isobars form a system of 
concentric circles, whose centre is at a point 
distant wU sin <p/tof sin <p + below the 

1 See Lamb's Hydrodynamics , 1916, § 207. 


centre of the revolving disc. This point is 
called the dynamic centre of the moving 
cyclone. 

The effect of uniform translation in a 
straight line upon a system of circular isobars 
is to displace the centre of isobars to the 
right of the line of motion of the original 
centre, and to displace the centre of winds 
in the opposite direction. It is worthy of 
note that on a synoptic chart it should be 
possible to detect immediately the centre 
of winds and the centre of isobars, but not 
the tornado centre, or centre of rotating 
fluid, since this point is not distinguished by 
any special featui'e on the chart. 

Equation (8) was derived from equation 
(6) by neglecting the terms in w 2 sin 2 <f>. The 
pressure field of the moving system is thus 
equivalent to the superposition of an un- 
compensated field of pressure 2copUy sin <f> 
on the original circular field of the cyclone 
at rest. The superposed field has a gradient 
2wpU sin <p corresponding to a geostrophio 
velocity U along the axis of x. The dynamical 
system represented by a set of circular isobars 
moving with uniform velocity may therefore 
be regarded as equivalent to fluid rotating 
about an axis to the left of the line of motion 
of the dynamic centre, and set in motion by 
an uncompensated linear field of pressure. 

There remains the consideration of the 
relation of the cyclone to its environment. 
The assumption of constant vorticity f through- 
out the cyclone involves a discontinuity at 
the boundary, unless the region of constant 
vorticity is surrounded by a region of decreas- 
ing vorticity and decreasing velocity in which 
the conditions merge slowly into those of the 
environment. Shaw 2 states : “ . . . the dis- 
tribution of velocity in the ordinary cyclones 
of our maps suggests the c simple vortex * with 
velocity A jr for the outer margin of a cyclone.” 
This is essentially the same conception as that 
of Oberbeck. 3 Oberbeck showed that if in a 
stationary cyclone the velocity were propor- 
tional to the distance from the centre in the 
inner region, and inversely proportional to 
the distance from the centre in the outer 
region, there would be no essential dis- 
continuity at the boundary. But there is a 
striking distinction between the inner and 
outer regions, in that the inner region has one 
definite kinematic centre and one definite 
dynamic centre, while each ring of the outer 
region has its own kinematic and dynamic 
centres, whose positions are functions of the 
radius r of the ring. 

Some investigations of Lord Rayleigh on 
revolving fluid in the atmosphere 4 would 
indicate that the effect of convection along 

2 Manual of Meteorology, part iv. p. 159. 

3 Sprung, Lehrbuch der Meteorologies p. 145. 

4 Proc. lloy . Soc . A, 1917, xeiii. 148. 
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the core of the revolving fluid would be to 
produce convergence towards the axis of rota- 
tion. The direct consequence of the converg- 
ence would be an increase of the pressure 
gradient in the cyclone, and a superposition 
upon the normal cyclone (with constant 
angular velocity) of a simple vortex, so that 
the tangential velocity v would be given by 
v = £r + Ar’~ 1 , There is no adequate means 
of deciding what happens to the ascended 
air at the top of the core, though the anvil- 
shaped thundercloud may provide an analogy 
on a small scale. It would thus appear that 
the region of the tornado centre is the obvious 
region in which to look for convection in the 
normal cyclone. If local convection should 
occur outside the central region of the revolving 
fluid, it would presumably cause a local circula- 
tion which in the case of prolonged convection 
would give rise to a secondary depression,, 

It is not possible to say at what height the 
column of revolving fluid begins. It may 
possibly come into existence as the result 
of prolonged convection on a large scale. The 
rotation leads to the superposition of a field 
of circular isobars upon the original field of 
pressure, and the revolving fluid is displaced 
along the direction of the original isobars. 
This may possibly account for the existence 
of “ revolving fluid ” in secondaries formed 
within larger depressions, and in large cyclones 
embedded in fields of straight or slightly 
curved isobars. 

§ (16) The Anticyclone. — The equation 
connecting the wind velocity with gradient 
of pressure is 

p v 2 

~2c oV sin d> - lV cot r. 

p it 


If the equation be solved as a quadratic for V, 

/ o . o . P cot r 


V = Rw sin </> tan r ± R tan r \ w 2 sin 2 </> 


lip 


The roots become imaginary if Peotr/Rp 
exceed u> 2 sin 2 </>. Thus in an anticyclone 
the pressure gradient cannot exceed a small 
limiting value, whereas in the cyclone there 
is no such limit set to the gradient of pressure. 
This simple relation was adduced by Gold 1 
to explain the well-known fact that only light 
airs can exist in the central regions of anti- 
cyclones. 

Hanzlik 2 distinguished two types of anti- 
cyclones, cold and warm. The cold anti- 
cyclone is shallow and moves rapidly. The 
rapid motion appears to be necessary to the 
maintenance of low temperature. If the cold 
anticyclone slows down, the pressure in the 
centre rises steadily, and as the anticyclone 
is becoming stationary it begins to become 


1 Barometer Gradient and Wind Force , M .0., N o . 1 00 . 

2 Denksehriftefi k. AkxuL Wis$. Wien, 1909, Ixxxiv, 

163-256. 


warm. The warm anticyclone reaches to 
greater heights, and its motion is indefinite. 
It may come over Central Europe as a fully 
developed warm anticyclone, or it may 
originate from a cold anticyclone as suggested 
above. 

Hanzlik’ s investigations were based on 
observations made at mountain stations, 
ranging from the Brocken (1143 metres) to 
Sonnbliek (3106 metres). He found that the 
axis of the 4< anticyclonic whirl ” was usually 
inclined towards the north-west. The front 
is colder, cloudier, and more humid than the 
rear in both cold and warm anticyclones. 

It will be noted that the velocity of transla- 
tion is of fundamental importance in Hanzlik’s 
classification. The cold anticyclone remains 
cold only because it moves rapidly. Hanzlik 
explained the difference between the anti- 
cyclones of N. America and those of Europe 
on this basis, most of the former being rapidly- 
moving and cold. 

The problem of the translation of an anti- 
cyclone has not been discussed in the manner 
applied to cyclones in § (15). Since the direction 
of rotation is opposite to that of the cyclone, 
the pressure equation for an anticyclone 
rotating as a solid disc should bo derivable 
from the cyclonic equation by changing the 
sign of The resulting equation is 


~ const. - (co sin <j>$- J-f®) 




wU sin <f> \ 2 
0 ) sin ~ JfV 


+ (»?■ 


u,)! } 


This will represent an anticyclonic distribution 
of pressure if 

f c 2a> sin </>. 


No estimates of the possible value of f in 
an anticyclone are available, but it seems 
improbable that the anticyclone is to be 
explained by the last equation. 

§ (17) Atmospheric) Oscillations. (i.) Free 
Periods of the Atmosphere . — The free periods 
of the elastic oscillations of the earth’s atmo- 
sphere were first discussed by Rayleigh. 3 
A preliminary investigation showed that the 
vertical oscillations were of very short period 
and could be neglected. Assuming the atmo- 
sphere to form an isothermal, spherical shell, 
and neglecting the effects of rotation and 
friction, Rayleigh 4 showed that the free periods 
of the horizontal oscillations are given by 
t u = 27rrja\Jn{n h- 1 ), where n is an integer, r 
the radius of the earth, and a the velocity of 
sound. Taking the observed value for a, 
which is equivalent to assuming the oscillations 
to be adiabatic, Rayleigh found for the first 
3 periods 23-8 hours, 13*7 hours, and 9*7 hours. 
It appears probable that oscillations of such 

4 Collected Papers , ill. 335. 

4 Vide Theory of Sound , § 333. 
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long period would be isothermal rather than 
adiabatic, so that for a the Newtonian value 
should be assumed. With this substitution 
the periods are increased to 28*1, 16-2, and 
11*5 hours. 

Margules 1 reconsidered the whole question, 
and discussed the effect of rotation and friction 
upon the periods and amplitudes. He showed 
that the effect of rotation would be to decrease 
the periods. Rotation reduces the second 
period of 16*2 hours to 12*3 hours for oscilla- 
tions along the meridians, and to 11*94 hours 
for oscillations along the parallels of latitude. 
The effect of friction is to increase the periods 
slightly, the effect being proportionately 
greater for the longer periods. The effect of 
the large coefficient of friction 0*0001 upon a 
westward-moving wave of period 13*9 hours 
is to increase the period to 14*6 hours, so that 
it may be assumed that the period of 11*94 
hours will still be in the neighbourhood of 
12 hours when friction is taken into account. 
This westward-moving double wave has two 
maxima and two minima upon each parallel 
of latitude. The observed semi-diurnal pres- 
sure wave is probably produced by resonance 
between this free oscillation and the pressure 
variation produced by the semi - diurnal 
temperature oscillation. 2 It . is worthy of 
note that Margules found no free period near 
24 hours. 

(ii.) Waves in Surfaces of Discontinuity . — 
Helmholtz 3 demonstrated that at the boundary 
of two media of unequal densities moving 
with unequal velocities, a sharply defined 
surface of discontinuity would be formed. 
Such conditions resemble those which hold 
when a wind blows over the surface of 
water, and a series of waves will form in 
the surface of discontinuity moving forward 
in the direction of the more rapidly moving 
medium. 

Such a surface of discontinuity will always 
tend to form in the earth’s atmosphere at 
the hounding surface between the East to 
West circulation of the polar regions, and the 
West to East circulation of mid-latitudes. 
Bjerknes ascribes the formation of cyclones to 
the waves which form in this surface. Helm- 
holtz showed from considerations of stability 
that the surface of discontinuity should be 
inclined to the earth’s surface at a smaller 
angle than the elevation of the celestial pole, 
except in the special case when the dis- 
continuity is simply a discontinuity of velocity. 
In the latter case the surface becomes cylin- 

1 Silzber. Wiener Akad. ci. part ii.«, 597; cii. 
part 11 and 1369. Margules' papers are not 
easy reading, but a very clear account of his work 
is given by Trabcrt in Meteor ologische Zeitschrift 
1903, pp. 481-501. 

“ Vide Simpson, “The Twelve-Hourly Barometer 
Oscillation,*’ Quarterly Jour. Roy . Met . Soc . xliv. 1. 

3 Vber atmosphdrische Bewegungen , Gcs. Abb. iii. 


clrieal, with its axis parallel to the axis of the 
earth. 

Helmholtz also explained the wave-like 
form of some clouds as due to waves in 
surfaces of discontinuity in the atmosphere. 
Such waves will form in the surface of 
separation of two media of different densities 
moving with different velocities. So long 
as the amplitude of oscillation remains small 
by comparison with the wave-length, the 
waves retain the approximate form of a sine 
curve. With increasing amplitude they depart 
more and more from this form, and eventually 
break. 

The dynamical theory of such waves is 
extremely complex, and only the main result 
can be quoted here. Helmholtz 4 and Wien 5 
showed that if s x be the density of the upper 
medium, s 2 that of the lower medium, v x the 
horizontal velocity of the wave relative to 
the upper medium, v 2 the velocity relative to 
the lower medium, and A the wave-length of 
the progressive wave, 

* iV + =|^(« 2 - * i )- 

Actual observation only yields v x + v 2 , but if 
the velocity of the wave bo assumed to be the 
same in the two media, or 

Vl =v 2 r=.$ v , 

then ( 5 i + s 2 )' y2 =~~(s 2 — Sj) 

will give the wave-length. 

Exner, 0 using an analytical method due to 
Schmidt, re-derived the main Helmholtz- 
Wien results. Taking the axis of z vertical, 
and x, y, axes in the horizontal plane, ho 
showed that if there is no velocity parallel 
to the y axis, and the motion is irrotational, 
the period T is given by 

rj, ^2tt\ + 

~ V g “ -V 

Reference may be made to a paper by 
Lamb, 7 in which the theory of waves at a 
surface of discontinuity, and of waves in an 
atmosphere with, any assumed constant tem- 
perature lapse, is developed at some length. 

§ (18) Synoptic Charts. — The synoptic 
chart consists of a map on which are inscribed 
opposite each observing station the barometric 
pressure, reduced to mean sea-level ; the wind 
indicated in direction by an arrow, the strength 
on the Beaufort scale being denoted by the 
number of barbs on the arrow ; the tempera- 
ture ; the weather denoted in Beaufort letters ; 
and the tendency, or the change of pressure 

4 Berlin Sitz.-Ber., 1880 and 1890. 

0 Ibid., 1804 and 1805. 

“ Exner, Dynamische Meteoroloyie, p. 280. 

7 Proc. Roy. Soc. A, lxxxiv. 551. 
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during the last three hours. The isobars, 
or linos of equal pressure, are then drawn. 
These lines resemble contour lines on a map, 
and they usually take well-defined shapes. 
The two main types of pressure distribution 
are the cyclone or depression, and the anti- 
cyclone : centres of low and high pressure 
respectively. Abercromby, in his treatise on 
Weather 9 distinguished the following seven 
types of pressure distribution : 

(i.) The Cyclone or Depression . — Distin- 
guished by closed circular or oval isobars en- 
closing a centre of low pressure, having a total 
diameter of anything from 100 to 1000 miles, 
or even more. This is the travelling storm 
of extra-tropical latitudes. It is a region 
of strong winds, and generally bad weather. 
The winds blow round the isobars counter- 
clockwise, and slightly across the isobars into 
the region of low pressure. Depressions move 
across the map at rates varying up to thirty 
miles per hour, the general direction of drift 
being W.S.W. to E.N.E. Their movements are, 
ho wever, somewhat irregular. V an Bobber 
classified the paths of cyclones and showed 
that in summer the paths converge towards 
the Arctic seas, but in winter a greater 
number move towards Central Siberia. (See 
ct Cyclone.”) 

(ii.) Anticyclones. — Distinguished by oval or 
irregularly shaped isobars, enclosing regions 
of high pressure. They are usually larger 
in extent than cyclones. They move very 
slowly, and may remain practically stationary 
for days, as much as ten days or more in 
exceptional cases. They are distinguished by 
calms or light winds in the central region, 
and moderate winds in the outer regions, 
blowing clockwise round the isobars, and 
slightly out of the high pressure. They are 
regions of settled weather, but they often 
bring much fog and cloud in winter. (See 
4t Anticyclone.”) 

(iii.) Secondary Depression . — Sometimes near 
the outer edge of a depression, most frequently 
on the southern side, is noted a bulge in the 
isobars, inside which may appear a secondary 
centre of low pressure. The secondary may 
have its own wind circulation, or may only 
produce a variation in the wind distribution 
of the main depression. Usually the winds 
are light or moderate, but the secondary 
depression usually brings fog in winter, 
heavy rain, and not infrequently thunderstorms 
in summer. 

(iv.) V-shaped Depression.— A variant of the 
secondary, in which the isobars take the form 
of a V, usually pointing south. The passage 
of the trough of the V brings heavy squalls 
or driving rain, while the wind veers rapidly 
from a southerly direction to N.W. accompanied 
by rapid clearing, and a marked fall of 
temperature. 


(v.) Wedge of High Pressure . — The region 
between two depressions. Its front is marked 
by rapid clearing, and a rapid rise of the 
barometer, followed by a rapid drop of the 
barometer, a change of wind from N.W. to S., 
and clouding over of the sky, indicating the 
approach of another depression. 

(vi.) Col. — The region between two anti- 
cyclones. It is marked by light airs, and winds 
converging from the two anticyclones. It 
occasionally brings brilliantly fine weather, but 
is usually cloudy, with fogs in cold weather, 
and thunderstorms in summer. 

(vii.) Straight Isobars. — It sometimes happens 
that the isobars are practically straight over 
a considerable range between a cyclone and 
an anticyclone. Over the British Isles this 
happens most frequently with low pressure 
to north and high pressure to south. It is 
marked by westerly winds and considerable 
variety of weather. Straight isobars running 
north and south, with high pressure to west 
and low pressure to east, usually bring squally 
wind, much precipitation, and snow in winter. 

Further details of the distribution of weather 
in the different types of pressure distributions 
will be found in Abercromby, Weather ; W. N. 
Shaw, Forecasting Weather ; and Meteoro- 
logical Glossary , article “ Isobars.” E. Gold, 
Aids to Forecasting , M.O. 2201, gives fifteen 
types of pressure distribution, and an outline 
of the weather associated with each. 

§ (19) Types of Weather. —Although 
cyclones move much more rapidly than 
anticyclones, it is the anticyclones which 
determine the type or the general outline 
of the weather. Four main types of weather 
can be distinguished according to the position 
of the dominant anticyclone in the neigh- 
bourhood. 

(i.) Southerly type , with the dominant 
anticyclone to the east or south-east of tlfc 
B ritish Isles. Depressions which appr< >ach 
from the Atlantic pass off northwards. It is 
not usually a very persistent type. The 
eastern edge of the southerly current has 
clear skies, but rather cold weather ; the 
western edge has cloudy weather and some 
rain, 

(ii.) Westerly type , with an anticyclone 
extending from, the region of the Azores 
towards S.W. Europe. This condition favours 
the passage of depressions from the Atlantic 
in an easterly direction, and produces un- 
settled weather over the British Isles for 
periods of as much as six weeks at a time. 

(iii.) Northerly type , with an anticyclone 
extending from Greenland in a southerly 
direction to the west of the British Isles, 
bringing a cold northerly current along its 
eastern edge, and favouring the passage of 
depressions In a southerly or south-easterly 
direction. These depressions frequently pass 
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over the North Sea, bringing wet weather over 
Great Britain* 

'iv.) Easterly type* with an anticyclone over 
Scandinavia or to the north of the British 
Isles, and low pressure over France. This 
produces easterly or north-easterly winds, and 
the cold weather associated with the east winds 
of March. The southern edge of the easterly 
current brings rain, which is frequently very 
persistent, and snow in winter. Nearer the 
centre of the anticyclone the weather is bright 
and cold. 

§ (20) Weather Forecasting. — Since the 
weather associated with a particular type of 
pressure distribution is usually of a definitely 
known type, the forecaster’s main problem is 
to forecast the changes in the pressure dis- 
tribution, or the movements of cyclones and 
anticyclones. The chief aid to the solution of 
the problem is the distribution of barometric 
tendency on the synoptic chart. Regions of 
negative tendencies indicate regions over which 
depressions are advancing, or from which anti- 
cyclones are receding, while regions of positive 
tendencies indicate regions over which anti- 
cyclones are advancing, or from which de- 
pressions are receding. As some depressions 
move very rapidly the forecaster has to be 
on guard against surprise by an unforeseen 
depression. 

The first sign of the advance of a depression 
from the Atlantic over the British Isles is a 
rapid drift of cirrus from the direction of the 
depression. The wind backs to east of south 
over the western coasts of Ireland, and the 
barometer begins to fall over the same region. 
The rate of fall of the barometer gives an 
indication of the rapidity of the advance of 
the dej>ression. Once the forecaster has 
determined the changes which are taking 
place in the pressure distribution, and the 
rapidity of the change, he can assign the 
probable general course of the weather. In 
practice a considerable amount of experience 
is necessary before a forecaster can with any 
degree of certainty predict the rapidity with 
which the pressure changes move across the 
regions concerned. Difficulties also arise from 
the fact that degressions do not always follow 
straight paths, and do not advance with 
uniform velocity. 

On the whole, depressions tend to move so 
as to keep both high pressure and high 
temperature on their right. If high pressures 
and low temperatures are associated together, 
the rate of motion of the depressions will 
be slow. It must be admitted, however, 
that the use of surface temperatures in 
farecasting does not lead to very definite 
results for the British Isles. Aitken has 
suggested that a depression will move in the 
direction of the strongest winds, and it may 
be noted in passing that this fits in with the 


theory of the moving cyclone given in § (15). 
Upper winds strengthening usually denote a 
circulation round an advancing depression. 
Some French meteorologists use as an aid 
in forecasting the ratio of wind to barometric 
tendency, high values of this ratio indicating 
the slow passing away of a depression, low 
positive values indicating rapid passage of a 
depression, and low negative values indicating 
a region threatened by an advancing depres- 
sion. Such rules may be of value in special 
cases, but it is to be feared that when the 
barometric tendencies fail to give a true 
indication of coming changes, all other rules 
fail. 

Dr. Nils Ekholm suggested that a chart 
should be drawn indicating the changes in 
pressure since the last time of observation, 
lines of equal change, or isallobars, being 
drawn, enclosing regions of rising and of 
falling pressures. These regions are very 
clearly defined on the isallobaric chart. They 
drift across the map in a more regular and 
persistent manner than cyclones and anti- 
cyclones, and for considerable periods they 
follow the same path. 

Apart from the question of forecasting the 
pressure distribution there arise difficulties 
where the details of the coming weather are 
concerned. The element which can be fore- 
casted with most confidence is wind. In 
winter it is extremely difficult to forecast 
snow. The physical conditions which deter- 
mine whether precipitation will take the form 
of rain or snow have not yet been fully 
formulated. In general, it is not easy to 
forecast the amount of precipitation which a 
depression will bring. The problem will 
probably be solved by the multiplication of 
observations of temperature in the upper air. 
If the lapse rate of temperature in the lower 
strata is well below the adiabatic rate heavy 
precipitation should be improbable, while a 
lapse rate near the adiabatic should favour 
precipitation. A lapse rate greater than the 
adiabatic indicates i nstability, which m ay, 
other conditions favouring, lead to thunder- 
storms. 

In forecasting cloud amounts use is made 
of the well-marked diurnal variation. 1 There 
is a well-marked tendency for cloud to clear 
at sunset, particularly Cu., St.-Cu., and to a 
less extent stratus and alto - stratus. Use 
should be made of this diurnal variation only 
in conjunction with a synoptic chart, since the 
changes of pressure may modify the diurnal 
changes on any particular occasion. 

§ (21) Norwegian Methods of Forecast 
inq, — Norwegian meteorologists are at present 
engaged on the development of what promises 

1 See Brunt, Prof. Notes, No. 1 (Met. Office), tables 
for Kew and Greenwich showing relation between 
wind direction and cloud amount. 
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to be a very fruitful line of attack upon the 
problem of forecasting. They regard the 
weather of the northern hemisphere as largely 
dependent upon the existence of a surface of 
discontinuity between polar and equatorial air. 
Helmholtz 1 showed that such a surface of dis- 
continuity should tend to form, and Professor 
Bjerknes and his associates claim that it can be 
detected at the earth’s surface as a line of 
discontinuity in atmospheric conditions. The 
polar air is cold, dry, and transparent, often 
moving from an easterly point, and the equa- 
torial air warm, moist, with poor visibility, 
always blowing from a westerly point. The 
line of discontinuity which is called the “ polar 
front ” passes through the centres of cyclones, 
connecting the centre of one cyclone with those 
of the preceding and following cyclones. The 
part from the centre to the front margin of 
the cyclone is called the steering surface or 
“ anaphalanx,” and the part from the centre 
to the rear margin the squall surface or 
" kataphalanx.” All the weather incidental 
to the passage of the depression is referred to 
the anaphalanx and kataphalanx. 

In Fig, 9 OA and OB represent the ana- 
phalanx and kataphalanx respectively. The 
equatorial current meets the polar current 



sideways at OA, and climbs up over it, giving 
a broad band of rain over the shaded region 
to northward of OA. The cold air bends 
round in a southerly direction to the west of 
0, and attacks the warm current in the 
flank, pushing under it and raising it, giving 
a narrow band of rain, shown shaded on 
the western side of OB. The heavy rain 
associated with the depression should be 
limited to the shaded regions. Light showers 
may occur elsewhere, but not heavy rain. 

1 Helmholtz, “ fiber atmospharlsche BeweRung/* 
Sitzber, K. Pr . Akad, Wiss,^ 1888; see also Emdon, 
Gask/ugeln, chap, xviii. B ; also a paper by 8haw, 
Proa, Hoy . Soc. lxxiv. 20. 


At present the investigations of the Nor- 
wegian meteorologists are incomplete, and no 
judgement is possible as to the final value of 
their ideas, so far as application to the weather 
of the British Isles is concerned. It is a 
practical problem to trace the polar front in 
the whole of its course round the globe, and a 
network of observers will be required to keep 
track of its changes from day to day. 

It remains to be seen whether a cyclone is 
to be accounted for as an almost stationary 
wave in the polar front. This would appear 
to require that the axis of the cyclone should 
always be inclined in a northerly direction. 

§ (22) Thunderstorms. — ■ Thunderstorms 2 
are associated with the formation of heavy 
cumulus or cairn ulo - nimbus clouds. They 
frequently advance across country in a long 
narrow belt moving transversely to its length. 
The first sign of the approach of a thunder- 
storm is the formation of heavy clouds of 
cumulus type, with round heads, and very 
sharply defined edges. The wind freshens, 
blowing at first towards the advancing storm, 
while the barometer falls slowly. At the 
onset of the storm the wind changes its 
direction, and blows from the storm outward, 
and the barometer rises rapidly through from 
one to three millibars. Heavy rain falls, 
usually mixed with hail, accompanied by 
lightning and thunder. After some fluctua- 
tions during the passage of the storm the 
barometer becomes steady, usually at a 
slightly higher level than before the storm. 
The temperature is usually high before the 
onset of the storm, but begins to fall when 
the wind reverses its direction, and after 
some fluctuation during the passage of the 
storm becomes steady at a lower level than 
before the storm. The rain is heaviest when 
the storm is overhead, and lightning and 
thunder are then most intense, but there may 
bo a continuance of rain for some hours after 
the storm proper has passed, with no accom- 
panying thunder and lightning. 

The necessary condition for the occurrence 
of a thunderstorm is the production of con- 
vection on a large scale, in air of a sufficiently 
high degree of humidity to produce towering 
cumulus clouds. Capt. G. K. M. Douglas/ 1 
in a discussion of upper air data- relating to 
thunderstorms, points out that in severe 
thunderstorms the base of the thunder-clouds 
is usually between 5000 and <5000 feet, the 
tops attaining 20,000 feet in summer, and 
.15,000 feet in winter. He adds that it appears 
to be a necessary condition for the develop- 
ment of the storms that there should bo at 
least one damp layer as low as 0000 feet. 
The higher the humidity the greater is the 
chance of a thunderstorm. 

2 Sec also tL Atmospheric Electricity/' 8 (2), etc. 
a Meteorological Office, Professional Notes, No. 8. 
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Convection on the requisite scale may be 
produced by 

(i.) Strong surface heating of air by insola- 
tion on clear days with light surface winds. 

(ii.) The overrunning of a warm layer of air 
by a layer at a lower potential temperature. 

(in.) The underrunning of a surface layer of 
warm damp air by a colder layer which causes 
it to ascend. 

These three causes will be considered in turn. 

(i.) Convection due to Surface Heating . — This 
can only be effective when the pressure 
distribution is irregular and the surface winds 
are light. In still, sunny weather the air in con- 
tact with the ground may in places be heated 
to such an extent that it becomes potentially 
warmer than the air above it, with the result 
that it rises. But it is not possible to suppose 
that instability on a large scale can be directly 
produced in this manner. Any element of 
air which is lighter than the surrounding air 
should rise the moment it is disturbed by the 
slightest turbulence. There is no reason for 
supposing that it maintains its position until 
a large reservoir of instability is produced 
and develops violent motions on a large scale. 
It seems rather that convection is first set up 
on a small scale, a big bubble of the warm 
air ascending and being replaced by warm air 
drawn in from around the ascending column, 
with a compensating settling down of air from 
above. The ascending column will continue 
to rise so long as it is surrounded by air 
denser than itself. When the vertical motion 
ceases, the air from the ascending column 
spreads out horizontally. The convection will 
attain very great heights if the upj:>er air is 
very cold. The process is therefore most 
likely to occur in early summer (May or 
June) before the upper air has attained its 
maximum summer temperature. If the 
ascending air is very damp it quickly reaches 
its dew point, and a cloud is formed by con- 
densation. The convection column and the 
cloud are carried forward by the general 
current of air above, and in consequence the 
indraught of warm air is chiefly from the 
front, while the cold air from above settles 
down in the rear of the ascending column. 
The rise and descent of air, once established, 
will be self-perpetuating so long as a supply 
of warm surface air is available to renew the 
ascending branch. It should be noted also 
that instability can be produced when a layer 
of saturated air (or a cloud) is below a layer of 
dry air, and the two strata are lifted bodily. 
The lifting causes the upper layer to cool at 
the dry adiabatic rate, while the lower cools 
at the saturated adiabatic rate, i.e. the upper 
layer cools nearly twice as rapidly as the 
lower, so that a stage of instability is soon 
attained, leading to violent convection. 
Strata of unequal humidity may be caused 


to ascend by the upward push of convection 
currents from the ground, and in such a case 
the resulting convection strengthens the 
effect of the surface convection currents. 

Thunderstorms due to convection currents 
produced by surface heating occur at those 
times of day when convection is greatest, in 
the middle of summer afternoons. 

The essential condition for the occurrence 
of convection extending to great heights is 
that there should be a rapid decrease of tem- 
perature with height. In the case considered 
above, of thunderstorms on land, this con- 
dition is produced by heating of the lower 
layers by insolation. The necessary in- 
stability may also be produced by the cooling 
of the upper layers by radiation, and this can 
happen above the sea at night, since the 
diurnal variation of the surface layers of air 
over the sea is very slight, thus accounting 
for the frequent occurrence of thunderstorms 
at sea during the latter part of the night. 

(ii.) Overrunning of a Warm Layer by a> Cold 
Current. — When this occurs, the upper cold 
air is heavier than the lower warm air, and 
instability results. The upward movement is 
usually started by local irregularities of 
pressure, and once started it develops with 
great rapidity, producing violent storms. 
Over England thunderstorms of this class 
occur most frequently in conjunction with 
powerful south-westerly currents in the upper 
air, above warm southerly or more particularly 
south-easterly currents at the ground. The 
heating of the surface currents by insolation 
is not a necessary feature of such storms, 
and as might be expected they occur as 
frequently by night as by day. Summer 
thunderstorms which occur in cols, between 
two anticyclones, are frequently of this 
class. 

(iii.) Underrunning of a Warm Current by a 
Cold Current . — In this case the underrunning 
cold current causes the warm current to 
ascend. This forced convection may only 
produce cloud, or it may be sufficient to 
produce thunderstorms. Much of the rain 
associated with the passage of the trough of 
a depression may be ascribed to this cause, 
a cold westerly or north-westerly current 
undercutting the warmer south - westerly 
current of the south-eastern quadrant of the 
depression. This appears to be the genesis of 
coastal thunderstorms frequently produced by 
the passage of troughs of depressions, in late 
summer and autumn. In slow-moving de- 
pressions the south-westerly current is also 
frequently very cold, and it may produce 
thunderstorms by underrunning the warm 
south-easterly current of the front of the 
depression. Thunderstorms of this class are 
not usually very violent, but occasionally 
violent storms occur near the centre of a 
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depression. They may occur at night or by 
day, in summer or winter. 

In the ascending current of air, produced in 
any one of the three ways considered above, 
considerable condensation must occur at 
relatively low levels. The drops of water 
are held up by the ascending current if the 
velocity of ascent is sufficiently great. 
Lenard 1 showed that an ascending current 
of 8 metres/sec. would prevent drops of any 
size from falling, while a stronger current 
would carry the drops upward. Lenard 
showed that drops have a limiting size, beyond 
which they become unstable and break into 
smaller drops. The upward current in the 
thundercloud is not steady, but blows in gusts 
and lulls, so that the drops of water may rise 
and fall repeatedly, coalescing and breaking 
up again through collision or instability. The 
drops which get to the edge of the ascending 
current or reach the head of the current and 
spread out horizontally with it fall to the 
ground, giving the heavy rain of the thunder- 
squall. Simpson 2 showed that the ascending 
current, of the front of the storm is a sufficient 
mechanism to account for the large amount of 
electricity which is separated in the storm. 
By means of a series of experiments Simpson 
showed that each time a drop breaks up, the 
air takes a negative charge and the water 
drops a positive charge. The process of 
coalescence and redivision of the drops there- 
fore produces an increasing charge of positive 
electricity on the drops, the charged drops 
combining with facility to form large drops. 
Simpson showed that the process was capable 
of producing charges quantitatively of the 
order of those which he measured at Simla. 
The negative charges which are presumably 
in the form of free ions will be carried 
upward with the full velocity of the rising 
current, and will soon outstrip the positively 
charged drops. These free ions must be 
rapidly absorbed by the cloud particles, and 
the charged drops rapidly combine to form 
large drops, giving a considerable rainfall. 
The negatively charged drops will be dis- 
tributed through the cloud-cap over a con- 
siderable region outside the zone of the 
ascending currents, and will give a more 
uniform rain than the positively charged 
drops, which on account of their intimate 
connection with the ascending currents tend 
to give the heavier rain associated with the 
front of the storm. 

The formation of hail in a thunderstorm is 
in itself a proof of the existence of strong 
vertical currents. If the cumulus cloud is 
sufficiently high the condensation in its upper 
region will be in the form of snow, and any 

1 Met . Zeitschrift, 1904, xxi. 249-262. 

a Phil. Tram. Roy . Soc 1909, ccix.A, 379-413 ; also 
Phil . Mag., 1915, xxx. 1. 


drops of water attaining this level will be 
frozen immediately, and will gather a coating 
of snow or ice in any further wanderings. If 
later on an incipient hailstone gets into a lull 
in the upward current it falls clown and may 
again get into the region of raindrops, where 
it gathers a coating of watei\ If it again 
gets into an upward current it is lifted into 
the region of snow where the coating of water 
is frozen and a fresh layer of snow added. 
The process may be repeated over and over 
again, until the hailstone gets out of reach 
of the ascending current, or becomes too big 
to be held up. Its structure, consisting of 
alternate layers of ice and snow, testifies to 
its history, and at .the same time affords 
a convincing proof of the existence of 
strong ascending currents in the thunder- 
cloud. 

Photographs of lightning taken with a 
rotating camera show that it consists mainly 
of unidirectional discharges. The path of the 
discharge is built up piecemeal by progressive 
ionisation, beginning with a small branching 
spark, followed in a small fraction of a second 
by another which is somewhat longer, and the 
process continues until the main line of the 
discharge is built up. A photograph of a 
flash of lightning bears a close resemblance 
to a map showing a river and its tributaries. 
The accumulation of a large amount of elec- 
tricity in a small space which is incidental to 
the passage of lightning, produces a strong 
repulsion of electrified particles, so that a 
compression wave of air of explosive violence 
is produced, followed by a wave of rarefaction, 
succeeded by waves of less intensity. W. 
Schmidt showed that only a very small part 
of this energy takes the form of audible waves, 
so that we hear only a very small part of 
thunder. It may be noted that lightning 
affects wireless apparatus, and a directional 
wireless set can be adapted to detection of 
thunder torms. By the use of a number of 
directional stations it has been found possible 
to follow the course of thunderstorms for long 
distances. 

The rapid drop of temperature noted at the 
onset of a thunderstorm is in large part to 
be ascribed to the evaporation of the falling 
rain. The descending current of air winch 
settles down to fill the place of the ascending 
air is dynamically warmed, and is below 
saturation, so that it is caj>able of producing 
considerable evaporation of the falling rain- 
drops, its own temperature being reduced 
thereby. 

The rapid rise of barometer noted at the 
onset of a storm is probably due chiefly to the 
interference with the horizontal flow of air 
produced by friction between the thunder- 
storm gust and the ground. Other factors 
contributing to the increase of pressure would 
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be the vertical wind pressure due to descending 
air, the lowering of tempei-ature, and the 
decrease in absolute humidity. D B< 


Atmosphere, Pressure op : 

Methods of measuring. See “ Atmosphere, 
Physics of,” § (1). 

Variation with height. See ibid. § (2). 

Atmosphere, Standard : a unit of pressure 
employed by the physicist, defined as the 
pressure due to the weight of 760 mm. of 
mercury at 0° C. and at sea-level in latitude 
45°. See “ Barometers and Manometers,” 
§ (2) (iL). 


ATMOSPHERE, 
THERMODYNAMICS OF THE 


I. Introduction 


§ (1) The Atmosphere as a Heat-engine. — 
From the thermodynamical point of view the 
atmosphere may be regarded as a heat-engine, 
or an assembly of heat-engines, . of vast dimen- 
sions, of which air, containing more or less 
moisture, is the working substance. The 
ordinary cycle of a heat-engine comprises the 
transfer of heat to the working substance at 
high temperature from the source, the reduc- 
tion of temperature by expansion, the re- 
transfer of heat from the working substance 
at low temperature, the elevation of tempera- 
ture by compression, and the performance of 
work in the course of the completed cycle. 

Bearing in mind the several stages of the 
process of the reversible cycle of an ideal 
engine, the place of the cylinder or chamber in 
which the working substance is enclosed, and 
that of the piston by which mechanical work is 
done, are both supplied by the environment of 
the working air. The environment, of itself, 
forms, effectively, an elastic piston : after the 
air has left the ground there is no direct 
communication of heat from outside except 
by radiation, and the transference of heat by 
conduction or molecular diffusion between the 
working substance and its environment is so 
slow that we may regard the changes in the 
mixture of dry air and moisture which con- 
stitutes the working substance as taking place 
under adiabatic conditions, except in so far 
as the duration of the operations is Ion" 
enough for the effects of radiation to become 
important. But the dry air regarded separ- 
ately may appropriate the latent heat of any 
water that is condensed and discarded, so that 
the adiabatic conditions have to be interpreted 
cautiously. 


. T .k e essential difficulty of the general problen 
is, in fact, to specify the conditions for th< 
transfer of heat and performance of work ii 


the atmosphere in such a form as to bring the 
quantities within the possibilities of compu- 
tation. 

We know of places where heat passes be- 
tween the air and the surface of land or sea, 
and we know that the process of radiation into 
space disposes of a large quantity of heat from 
all parts of the atmosphere. Home of it may 
have been contributed locally by direct radia- 
tion from the sun, but the loss is only com- 
pletely compensated when the heat deriving 
indirectly from the sun through the agency 
of warmed land or water is added. Wo are 
unable strictly to identify the air which gains 
heat in one locality with that which previously 
lost heat, or will lose it subsequently, iii 
another. If we wish to deal numerically with 
the processes we must fii'st come to some 
understanding as to what the cycle of opera- 
tions is. 

Regarding the atmosphere as a whole, the 
transfer of energy either as heat or work from 
a selected portion to its environment is only 
the redistribution of energy between the 
different parts of the working substance, and 
the problem reduces itself to considering the 
transfer across the boundaries ; and in this 
aspect the heat taken in is made up of : (a) 
the balance of heat communicated from the 
ground, or the sea, to the air which lies upon 
them or moves over them ; (b) the balance of 
gain and loss by radiation from sun to earth 
and from earth, and air to space. The difference 
of these at any time is accounted for by the 
variation in the kinetic energy of the winds or 
the work done thereby : but in the long run 
the total thermal effect is immeasurably small, 
and the solar energy which passes through the 
atmosphere simply maintains the status quo 
ante. We cannot deal, therefore, with the 
relation between heat and work by regarding 
the whole atmosphere as a unit. Meteorological 
literature provides only a general equation for 
balance of radiation, and the distribution of 
temperature incidental thereto (tj ( 1 1 )). The 
dynamical effects, which are patent to all, nnd 
are by common consent attribute! I to the 
heating produced by the sun combined with 
the cooling by radiation into space, are de- 
pendent upon the differential treatment of 
different parts of the atmosphere. To bring 
the process under computation we must sup- 
pose a portion of air to be isolated and t ract' 
the thermal changes which it experiences. 

If, then, we regard the phenomena exhibited 
by separate masses of air we have no difficulty 
in finding evidence of all the separate stages 
of the thermal cycle of a heat-engine. We 
know that air is warmed by contact with 
warmed solid or liquid surfaces, and that it is 
cooled by contact with cooled surfaces. We 
may also suppose that it is warmed and cooled 
by its own absorption of solar radiation and 
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by radiative emission of its own energy re- 
spectively, though we cannot assign any very 
satisfactory numerical values to the experience 
of any particular specimen. The dynamical 
effects which represent the work done by the 
working substance as the result of the thermo- 
dynamical operations are represented by the 
variation of the kinetic energy of the winds, 
which are capable of doing a vast amount of 
useful work on sails and windmills, and still 
more obviously display on occasions a good 
deal of destructive energy. There is a constant 
dissipation of the kinetic energy through the 
formation of transient eddies due to surface 
obstacles or to effective discontinuities arising 
from the differences of motion of adjacent or 
superjacent layers, ultimately lost by viscosity. 
But a considerable amount of the kinetic energy 
is conserved in the form of the main air currents 
of the globe, or in the form of cyclones and 
cyclonic depressions, which differ from the 
transient eddies in utilising favourable con- 
ditions to maintain their form, structure, and 
a large part of their velocity for days or even 
weeks. 

In so far as the general circulation, or the 
local circulations, are permanent, we may, if 
we please, assume that they require a certain 
supply of energy for their maintenance and, 
failing any such, that they would decay 
rapidly ; but presumably not nearly as much 
is required per unit of energy maintained as 
that which must be supplied to maintain a 
cliff-eddy — that is, the eddy which is formed 
at any time at the edge of a cliff in the face of 
a strong wind. It draws its energy persistently 
from the wind, and ceases immediately when 
the wind drops. 

Another of the familiar experiences of the 
thermodynamic operations of the atmosphere 
is the formation of clouds and the fall of rain, 
and from these we may conclude that con- 
vection is operative in the atmosphere on a 
very large scale, for rain is now regarded as 
produced almost exclusively by dynamical 
cooling due to the reduction of temperature 
on reduction of pressure. The reduction of 
pressure is for the most part attributed to the 
increase of elevation ; rainfall can therefore 
be regarded as definite evidence of ascended 
air. 

§ (2) Units of Measurement and Physical, 
Constants for Dry Air and Mixtures of 
Air and Water- vapour. — We remark at once 
that the numerical values of the quantities 
with which we are concerned in any discussion 
of the practical aspects of thermodynamics 
are very large. 

For meteorological work the most convenient 
scale of temperature is the scale of centigrade 
degrees, measured from 273° below the normal 
freezing-point of water. For all practical 
purposes this scale agrees with the scale of the 


hydrogen thermometer and with the absolute 
thermodynamic scale ; it is, however, not 
strictly speaking tc absolute,” and therefore 
to avoid misunderstanding it is desirable to 
have a separate name and a separate notation 
for it. Following the practice of the Computer's 
Handbook of the Meteorological Office , we shall 
call it the <c tercentesimal scale,” and denote 
the temperature on that scale by the unit 
symbol a without any sign of degrees. The 
chief advantage of the name is that it is not 
used for any other purpose, and is therefore 
not likely to cause confusion. The algebraic 
symbol for temperature on this scale will 
be T. 

In expressing pressures we shall follow the 
practice adopted by the Meteorological Office 
from the commencement of observational work 
upon the upper air in this country by using 
1000 dynes per square centimetre as the 
working unit. In this article, as in the 
practice of the Meteorological Office, it is 
called the millibar. 

A cub© of air 10 metres in the side weighs 
about 1-25 metric tons. In summer on the 
average in this country it would contain 10 
kilogrammes of water- vapour, and would 
supply water enough to cover the base of the 
cube with rain to the depth of 0T mm. 

All the water except *03 gramme per cubic 
metre could be extracted by reducing the 
temperature to 222a, by elevating it to about 
11,000 metres, where the pressure would be 
232 mb.; hence, confining attention to a limited 
area, a fall of rain of 1 millimetre would 
correspond with the desiccation of a column of 
air 100 metres high and no more. We have 
to consider whether such a process may be 
regarded as natural. One millimetre of rain- 
fall over a square kilometre represents a million 
kilogrammes or a thousand metric tons. The 
dynamical equivalent of the thermal energy 
set free by the condensation of water to the 
extent of a millimetre of rainfall over a square 
kilometre is 6 x 10 1X thermal units or 2-5 x 10 xa 
joules, about a million horse-power-hours. And 
as the practical unit of area for the fall of rain 
may be regarded as a hundred kilometres 
square, the energy with which wo have to deal 
in the ordinary way is of the order of ten 
thousand million horse-power-hours. It must 
be remembered that when rainfall is produced 
energy to the corresponding extent must be 
disposed of. It is not uncommon to find 
suggestions that air may be “ supersaturated ” 
before rainfall. There is no evidence in support 
of the view, but even if it were true the dis- 
posal of the energy is not avoided ; it must have 
taken place in order to produce the super- 
saturated air. 

The properties of dry air and of water-vapour 
and of mixtures of the two under various con- 
ditions of temperature and pressure are familiar 
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subjects of physical investigation into the 
details of which we need not enter, but it will 
be desirable to give the numerical results which 
for meteorological purposes must be extended 


The properties of air containing various 
amounts of moisture upon which we rely for 
numerical computations are set out in the 
following Table I. : 


Table I 

Table of Physical Constants for Dry Am and Mixture of Air and Water-vapour 


Temperature 

Tercentesimal 

Scale. 

Saturation 

Pressure. 

Density of 
Water- vapour. 

Temperature 

Tercentesimal 

Scale. 

Saturation 

Pressure. 

Density of 
Water- vapour. 

a. 

mb. 

S/m3. 

a. 

mb. 

g/im*. 

350 

419*14 

259-5 

264 

2*8591 

3-247 

348 

385-73 

240*2 

202 

2-3970 

1 -983 

346 

354*58 

222*1 

260 

2-0037 

1*670 

344 

325*59 

205-1 

258 

1*6099 

1*403 

342 

298*62 

189*2 

256 

1*3874 

1*174 

340 

273*56 

174-3 

254 

1*1490 

*980 

338 

250*31 

160*5 

252 

•9486 

-816 

336 

228*77 

147*5 

250 

*7805 

*677 

334 

208*81 

135-5 

248 

*6399 

-559 

332 

190*36 

124*2 

246 

*5230 

*461 

330 

173*32 

113*8 

244 

*4258 

•378 

328 

157*59 

104*1 

242 

*3454 

•309 

326 

143*09 

95*11 

240 

*2792 

•252 

324 

129*76 

86-77 

238 

*2248 

■205 

322 

117*510 

79-10 

236 

*1803 

*166 

320 

106*262 

71-96 

234 

*1440 

•133 

318 

95-949 

65-39 

232 

•1145 

•107 

310 

86*512 

59-34 

230 

*0907 

•0855 

314 

77*883 

53-75 

228 

■0716 

*0680 

312 

70*008 

48-62 

226 

-0561 

•0538 

310 

62-831 

43-93 

224 

•0439 

•0425 

308 

56-298 

39*61 

222 

•0341 

*0333 

306 

50-363 

35*67 

220 

•0264 

•0260 

304 

44-976 

32-06 

218 

•0204 

*0203 

302 

40*098 

28-77 

216 

•0156 

*0157 

300 

35*686 

25*78 

214 

■0119 

*0120 

298 

31-704 

23*06 

212 

*0091 

*0093 

296 

28-114 

20*58 

210 

*0068 

•0070 

294 

24*885 

18*34 

208 

*0051 1 

•0053 

292 

21-984 

16*32 

206 

•0037 

•0039 

290 

19*384 

14*48 

204 

*0028 

*0030 

288 

17*057 

12*83 

202 

*0021 

*00225 

286 

14*979 

11-35 

200 

*0015 

*0016 

284 

13*127 

10-02 

198 

•0011 

*0012 

282 

11*479 

8-821 

196 

•00079 

*00087 

280 

10*017 

7*751 

194 

*00057 

■00064 

278 

8*721 

6*798 

192 

*00040 

•00045 

276 

7*575 

5-947 

190 

*00029 

•00033 

274 

6*565 

5-193 

188 

•00020 

•00023 

273 

6-106 

4*847 

186 

*00014 

*00016 

272 

5*6261 

4-482 

184 

*000096 

•00011 

270 

4-7696 

3-829 

182 

*000065 

*000077 

268 

4-0327 

3*260 

180 

*000044 

*000053 

266 

3-4004 

2-770 





Note . — The values of saturation pressure from 204a to 350a are taken from the Smithsonian Meteorological 
Tables, 1918, and converted from millimetres to millibars. 1 mm. = 1-333224 mb. Prom 180a to 202a the 
forum la log e = log tf 0 H- 9-632 (1 — *00035£)(t/T) is used where e is the vapour pressure and t = T — 273. The 
values for the density are computed from the formula a = -622e/(3lT), where It = 2-870. 


to temperatures below the ordinary limits of 
experiment, because the temperatures of the 
atmosphere range from about 180a to 310a, 
and the necessary extension of thermal lines 
which we actually use carries our tables to 
350a. 


We add some other constants for air and 
water and water- vapour which will be required 
in the course of the work : 

Density of dry air at 1000 mb. and 290a = 1201 g/m 3 . 
Specific heat of dry air at constant pressure = -2417. 
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Specific heat of dry air at constant volume — *1715. 

Ratio of the specific heats, y = l*40. 

The constant for computing potential temperature 
(7-D/7—286. 

Specific heat of water- vapour at constant pressure, 
•4652 at 373a. 

Specific heat of water- vapour at constant volume, 
•340. 

Specific heat of water, L 

Specific heat of ice at 260a, -502. 

Latent heat of water- vapour at temperature 273a, 
597 cal. 

Latent heat of water- vapour at temperature 373a, 
539 cal. 

Latent heat of water, 79-77 cal. 

1 cal.— 4-18 joules. 

The weight in grammes of water which satu- 
rates one kilogramme of dry air at temperatures 
between 180a and 350a is given in Table IV., 
and the constant K/ of the characteristic equa- 
tion of air with different quantities of water- 
vapour in Table V. § (20). 

II. The Facts which call, for Explana- 
tion : the General Circulation and 
the Local Circulations 

§ (3) Sketch of the Distribution of the 
Meteorological Elements — Temperature, 
Moisture, Rainfall, Pressure, and Winds. 
— We may regard the whole sequence of events 
in the atmosphere as part of a continuous 
thermodynamic process to which the kinetic 
energy of the winds belongs, and of which the 
direct transference of heat to and from the 
atmosphere are essential steps, involving the 
consecutive changes in the distribution of 
temperature, water- vapour, pressure and wind 
that provide the weather for every part of the 
world. It will be useful briefly to review the 
facts which have been elicited by observation, 
classified in such a manner as to represent the 
general subject from the thermodynamic point 
of view. 

We do not propose to start “ from rest.” 
We have no information as to any primal 
condition of rest from which the whole sequence 
started, nor need we seek any. We may take 
instead as our standard of reference the 
“ normal ” distribution obtained by combining 
mean values of the elements derived from 
observations of standard type extending over 
a long series of years. It would, of course, bo 
unjustifiable to base any rigorous course of 
reasoning on the supposition that the dis- 
tribution of mean values exactly represents 
the most frequent or any other type of actual 
distribution. The distribution represented by 
averages may never have occurred at all, and 
may indeed be an impossible situation, but 
still it will be convenient to have it in mind, 
and regard the actual condition at any time 
as representing departures from mean values. 
It is better to do so than to assume an initial 


condition of rest which is certainly much 
further from actual truth and which would 
require the solution of the problem through 
an infinity of ages to arrive at the conditions 
as we find them to-day. 

In order to keep a natural sequence in mind 
we may begin with the distribution of tem- 
perature over the surface (Figs. 1 to 4) and in 
the upper air (Table II.), and follow it next 
with the distribution of water-vapour {Fig. 
5), because those elements represent the store 
of thermal energy in the atmosphere. To 
these we add a representation of the distri- 
bution of rainfall (Fig. 6) as an index of the 
activity of convection. We can then proceed 
to the distribution of pressure (Fig. 7) which 
is controlled by the distribution of temperature 
and so pass to the distribution of kinetic 
energy represented at any moment by the 
winds. We leave the maps, with the explana- 
tions which accompany them, to speak for 
themselves. 

§ (4)* General Circulation and Local 
Circulations. — The winds corresponding with 
the distribution of the elements representing 
the average conditions may be referred to as 
the general circulation. On the other hand, 
each cyclonic distribution of pressure has a 
distribution of related winds which are suffi- 
ciently similar to a selected type to justify 
classification according to types, and applica- 
tion of general thermodynamical principles to 
the types. The typical circulations which 
are thus indicated may be called local 
circulations. It is desirable to consider those 
separately. 

Confining our attention, therefore, for the 
present to the general circulation, the sequence 
of cause and effect seems rational if we consider 
the general lines of the distribution of tempera- 
ture due to the radiation received from the sun 
on the one hand, and the equal loss by radiation 
into space on the other, to be the first stage. 
These vary slowly with the seasons and may 
bo subject to slight temporary variations be- 
tween day and night, from day to day, or 
from year to year, but in their general features 
they are permanent. The distribution of land 
and water, which is also permanent, governs 
certain features of the distribution of tem- 
perature and also the distribution of water- 
vapour by which vast quantities of heat are 
transferred to the atmosphere in a latent 
form. 

Based upon the distribution of these elements 
at the surface, we can recognise the main 
features of the distribution of the same ele- 
ments in the upper air so far as our know- 
ledge extends. For present purposes we 
may regard the level of 20 kilometres as 
the boundary. The figures for temperature 
at successive kilometres of height are set 
out in Table II. 
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Fm. 1. Mean Temperature of the Air in the Northern Hemisphere. 
Isotherms for Intervals of Ten Degrees Fahrenheit. 

Temperatures over the land have been reduced to sea-level. 

Isotherms over land are plotted independently of those over sea. 

The. modified shading of the sea in the polar regions shows the probable range of ice between 

summer and winter . 
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Fig. 2. Mean Temperature of the Air in the Northern Hemisphere. 
Isotherms for Intervals of Ten Degrees Fahrenheit. 

Temperatures over the land have been reduced to sea-level. 

Isotherms over land are plotted independently of those over sea. 

The modified shading of the sea in the polar regions shows the probable range of ice between 

summer and winter. 
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Pig. 3. — Mean Temperature op the Air in the Southern Hemisphere. 
Isotherms eor Intervals op Ten Degrees Fahrenheit. 


Temperatures over the land have been reduced to sea-level. 
Isotherms over land are plotted independently of those over sea. 


The modified shading of the sea in the polar regions shows the probable range of ice between 

summer and winter. 
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6- — Mean Rainfall in the Northern Hemisphere 

in Inches. 


Isohyets are drawn for 1, 2, 4, 8, 12, 16 inches. 


Black blocked-in indicates rainfall above 16 inches. 
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Fig. 7. — Mean Pressure at Sea-level in the Northern Hemisphere 

Isobars are drawn for intervals of 5 millibars. 

Winds. — T he distribution of pressure shown on this map serves as a guide to the 
general cirgtjlation of air in the strata near sea-level (see § (8)). 
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Table II 

Temperature in the Upper Air (in Degrees op the Tercentesimal Scale) 


Black type signifies a region in w7dch the lapse-rate of temperature is zero ( approximately ) or negative. 


Summer. Lat. 45° to 90°. 

Height 

km. 

M/Murdo 
Sound, i 

Lat, 

78° S. 

Arctic 

Sea/- 

Lat. 

77° N, 

Kiruna. 3 

Lat. 

68° N. 

(7 Obs.). 

Favlovsk, 1 * 3 4 * * 7 

Lat. 

59° 41' N. 

(19 Obs.). 

Elcaterin- 

"boxirg.tf 

Lat. 

57° N. 

(3 Obs.). 

KutcMno. 4 

Lab. 

55° 45' N. 
(10 Obs.). 

England 

ILat, 
Approx, 
&V N- 

SD 

<U 

ft 

1 

W 

Pavia.7 

Lat. 

45" 11' N. 
(15 Obs.). 

20 



(August) 





224 


19 



* * 



. . 

. . 

223 

. . 

18 



• . 



• ♦ 

. , 

223 

, , 

17 



. . 



• . 

. . 

222 

, . 

10 



• * 



. . 

, , 

221 

. * 

15 



. . 



. , 

. . 

221 

. . 

14 



225 


225 

. . 

222 

221 

. . 

13 



222 


225 

. . 

222 

220 

. • 

12 



222 

225 

225 

223 

222 

220 

219-5 

11 


221 

224 

225 

224 

223 

222 

223 

223 

10 


218 

228 

227 

223 

226 

220 

228 

229 

9 


224 

235 

230 

229 

231 

233 

230 

237 

8 


233 

243 

236 

238 

238 

240 

242 

244 

7 


241 

250 

243-5 

245-5 

246 

247 

250 

251 

0 

228 

248 

257 

250-5 

253-5 

253 

254 

257 

, 258 

5 

236 

255 

263-5 

257 

259 

200 

261 

263 

265 

4 

241 

261-5 

269 

263-5 

264 

206 

267 

26!) 

270 

3 

246 

267 

273 

269 

270 

272 

273 

274 

27(1 

2 

252 

272 

278 

275 

277-5 

278 

278 

27!) 

283 

1 

259 

274-5 

282 

281 

284-5 

284 

283 

285 

289 

Surface 

or sea- 

level 

1 

1 

265-5 

278 

284 

0-5 km. 

288 

294 

•2d8 km. 

291 

289 

288 

293 

Surface 


1 British Antarctic Expedition, 1910-1013, Meteorology, (> summer ascents, ii. 284-— calculated from mean 
lapse-rate. 

8 Beitnige zur Physik tier freien Atmosphdre, Band vi., “ Aerologiselio Stnclien ini arlctischen Sommer,” 
H. Hergcscll. p. 24!). 

3 Summaries by H. II. Hildebrandsson, Geograflska Annaler, 1920, Haft 2, 110. Bor original observations 
at Kiruna see Bondages n&riens a Kiruna, 1907-9, by H. Maurice. Nom Acta Soc. Reg.Scient. Upx.,W11, 
Sor. IV. ill. No. 7. 

4 Meteorologische Zeitschnft, 1011, xxviii. No. 1, 1-16, by M. Itykatchcnv (junior). Tallin 5. 

0 The Characteristics of the Free Atmosphere, by W. H. Dines, M.O. 220c, 1>. 54- (Menus for June, July, 
August.) 

8 Summaries from Humphreys, Physics of the Air, p. 54. From average lapse-rates of temperature at 
Trappes, Uccle, Strassburg, Munich. 

7 Meteorologische Zeitschnft , 1911, xxviii. No. (5, 26JL-2G5, by Dr. A Wagner. 
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Table II ( continued ) 


Temperature in the Upper Air (in Degrees of the Tercentesimal Scale) 

Black type signifies a region in which the lapse-rate of temperature is zero ( approximately ) or negative. 





Summer. Lat. 

0° to 45°. 




Height 

km. 

Canada.* 

United 

States.8 

St. Louis. 3 

North Atlantic, 

1 Batavia. 8 

Victoria, 

Lat. 

43° N- 

Lat. 
Approx. 
40° N. 

Lab. 

38° 38' N. 

/-N CO 
*“• © 

gs* 

Lat. 5 

20° -40° 
(10 Obs.). 

Lat. 4 
10°-26°. 
(10 Obs.). 

-&T2 

►3© 

Nyanza.7 

Lat. 

0*. 

20 

* . 

222 

. , 

# # 



197 

195 

19 


220 

. . 




191 

196 

18 

214 

217*5 

* * 



. . 

186 

197-5 

17 

212 

216 




. . 

.187 

199 

10 

210*5 

215 


. . 

. . 

. . 

191 

203 

15 

210 

217 

222 

204 

. . 

204 

197 

207 

14 

209 

219 

217 

215 

209 

210 

205 

211 

13 

214 

223 

214 

216 

216 

215 

213 

217 

12 

218 

226 

217 

220 

219-5 

221 

221*5 

—'■»'*> 

11 

223 

232-5 

222-5 

227 

227 

229-5 

230 

230 

10 

230 

239 

230 

235 

235 

238 

239 

238 

9 

237-5 

246 

239 

243 

244 

249 

246 

245 

8 

244-5 

252 

247 

252 

252 

256 

253 

252 

7 

251 

259 

255-5 

259 

259 

262 

260 

259 

6 

259 

204-5 

203 

266 

266 

268 

266 

265 

5 

265 

270-5 

270 

263 

272 

272 

271-5 

270 

4 

272 

277 

275 

277 

277 

278-5 

277 

276 

3 

277 

283 

280 

282 

282 

285 

282-5 

282 

2 

282-5 

290 

284 

287 

288 

28!) 

288 

289 

1 

288 

295 

292 

290-5 

292 

2! >3 

293 

. , 

Surface 

or sea- 1 

level 

293 

•3 km. 

298 

298 

*767 km. 

299 

298 

298-5 

299 

296 

/■I71 km. 


1 Upper Air Investigation in Canada, Part I., by J. Patterson, Ottawa, 11)15 n kj means r „ n „ 

July, August.) . ’ 

2 Monthly Weather Review, Jan. 1918, xlvi. No. 1 , 11-20. (Tins values are the means for the stations Port 

Omaha, Indianapolis, Huron, Avalon.) ' 

Annuls of the Astronomical Observatory of Harvard College, Ixviii. Part 1 08 
IIGhfi? by Atm0SpMre ’ 19 12 ’ Bsuul iv - “ Temperatur- mid Dniekgefnlle In grossen 

0 Summaries by H. H. Hiidcbrandsson, Geografiska Annaler, 1020, Haft 2, 1 10. 

0 A oninldijk Magnetisch en Meteorologmih Observalorvum te Batavia, 1010, by \V. van Heinmelen n 27 
The summer values are means for December, January, February. 

^‘ ( ' S 1 K’uss. Aeronaut ■ Obs. bei hmdenberg. Berieht, fiber die aerologisehe K.ryedition 

from Jolfto O Sob^r ^ ^ B0 ™ On * < Calculatod frtmi <»' lapse-rates, ],. 70. Observations 


Note. The observations from which the mean values over the North A Mantle were ohhdned are given in 
Tmvaux scientifiques de VOhscrmtoire de MdMorologie dymmique de Trapped , 1000, iv. Paris. 
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I 1 2 3 4 a uiiii II ( continued ) 

Temperature in the Upi»er Air (in Degrees op the Tjeroentesimal Scale) 

Black type signifies a region in which the lapse-rule of temperature is zero [approximately) or negative. 




WlNT J3R. L&t. 0° to 45°. 



Height 

km. 

Victoria 

Nyanza.l 

Lat. 

0°. 

Batavia.2 

Lat. 

6° S. 

St. Louis .3 

Lat. 

38° 88' N. 

United 
States J 

Lat. 

Approx. 
4G W 1ST. 

Canada. 5 

Lat. 

43° N. 

Height 

km. 

20 

195 

203 


219 


20 

• 19 

196 

200 

• , 

218 

. . 

19 

18 

197 5 

194 

. . 

218 

. . 

18 

17 

190 

189 

. . 

218 

. . 

17 

10 

203 

192 

• . 

218 

• • 

10 

15 

207 

198 

211 

218 

215 

15 

14 

211 

204 

211 

219 

216 

14 

13 

217 

212 

214-5 

220 

217 

13 

12 

223 

220 

215-5 

221 

217 

12 

11 

230 

228 

217 

222 

216 

11 

10 

238 

237 

221 

224 

219 

10 

9 

245 

245 

226 

228 

223 

9 

8 

252 

253 

231. 

234 

229 

8 

7 

259 

258 

240 

240 

237 

7 

G 

265 

205 

249 

247 

244-5 

0 

5 

270 

271 

255 

254 

251 

5 

4 

276 

276 

261 -5 

260 

258 

4 

3 

282 

282 

260 

265 

265 

3 

2 

288 

288 

270 

270 

269 

2 

1 

Ci 

GO 

293 

272 

271-5 

272 

1 

Surface 

or sea- 

level 

' 

396 

1-171 km. 

299 

274 

■167 km. 

279 

272 

•3 km. 

) Surface 

- or Hea- 

J level 


1 Ergebnisse. der Arbeiten lies K. Breuss. A eronaut. Ohs. hei TAntlenberg. Berieht liber die iterologische Expedition 
mch Ostafrika im Jahre l 'MS, by Arthur Berson. (Calculated from table of lapse-rates, p. 7(5. Observations 
from J uly to October.) 

2 KoninJdijlc Magnetiseh en Meteor ologisch Observatorium to Batavia, .191(5, by W. van Bcmmclon, p. 27. 
The winter values are means for June, July, August. 

3 Annals of the Astronomical Observatory of Harvard College, Ixviii. Part I. (18. 

4 Monthly Weather Review, Jan. 1018, xlvi. No. 1, 11-20. (The values are the means for the stations Fort 
Omaha, Indianapolis, Huron, Avalon.) 

8 Upper Air Investigation in Canada, Part I., by J. Patterson, Ottawa, 1015, p. 16. (Means for December, 
January, February.) 
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Table II ( continued ) 

Temperature in the Upper Air (in Degrees of the Tercentesimae Scale) 


Black type signifies a region in which the lapse-rate of temperature is zero {approximately) or negative . 


Winter. Bat. 45° to 90°. 

Height 

km. 

Pavia, i 

Bat. 

45° 11' N. 
(15 Obs.). 

Europe. 1 2 3 4 * 6 

England,** 

Bat. 
Approx, 
52° N. 

Kutcliino.4 

Lat. 

55° 45' N. 

(6 Obs.). 

Ekaterin- 

bourg.Q 

bat. 

57° JST. 

(5 Obs.). 

Pavlovsk.4 

Bat. 

59° 41' N. 
(16 Obs.). 

Kimna. 3 

Bat. 

08° 1ST. 

(23 Obs.). 

M. ‘3VX urd o 
SouncU* 

Lat. 

7S° S. 

20 


215 





. . 


19 


215 

V 






18 


215 

■ 






17 


215 







1G 


216 

. . 






15 


216 







14 


216-5 

216 




214 


13 

. . 

217 

216 




218 


12 

206 

216 

217 

214 


217 

216 


11 

207 

216 

217 

213 

210 

217 

214 


10 

214 

219 

220 

214 

212 

213 

214 


9 

222 

223 

224 

219 

21G 

219 

221-5 


8 

230 

229 

230 

225-5 

223 

223 

22G 


7 

237 

23G 

237 

233 

232 

229 

232-5 


G 

245 

244 

244 

240 

239 

230 

239 


5 

252 

251 

250 

247 

24G 

243 

244 


4 

259 

258 

257 

253 

253 

248 

251 


3 

264-5 

204 

203 

258 

259 

254*5 

25 G 

230 

2 

270 

269 

267 

203 

2 05 -5 

2 GO 

259 

239 

1 

273 

272 

271 

265 

269 

203 

264 

243 

Surface 

or sea- 

level 

{ 274 
| Surface 

275 

27 G 

263 

265 

•26S km. 

205-5 

254 

0’5 km . 

238 


1 M eteorologische Zeiischrift , 1011, xxviii. N o. C, 2(51-205, by Dr. A. Wagner. 

2 guTXitnaries from Humphreys, Physics of the Air , p. 54. I'rom average lapse-rates of temperature at 
Trappes, TJccle, Strassburg, Munich. 

3 The Characteristics of the Free Atmosphere, by W. IT. Dines, M.O. 220c, p. 54. (Means for December, 
January, February.) 

4 M eteorologische Zeitschrift , 1911, xxviii. No. 1, 1-10, by M. Rykateliow (junior). Table 5. 

* Summaries by H. H. Hiidcbrandsson, Qeograftska Annaler, ID 20, Haft 2, 1 10. For original observations at 
Kimna see Bondages adriens a Kiruna , 1907-9, by H. Maurice. Nova Acta Soe. Peg, Sclent. Ups., 1917, Ser. 
IV. iii. No. 7. 

6 British Antarctic Expedition, 1910-1913, Meteorology , 4 winter ascents, ii. 275— calculated from mean 
lapse -rate. 
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§ (5) The Geographical. Distribution of 
Temperature. — The distribution of tempera- 
ture at the surface may be illustrated by the 
normal isotherms for January and July on the 
maps of the Northern Hemisphere ( Figs. 1, 2). 
The points to bear in mind are first the gradient 
of temperature from the equatorial to the polar 
regions and the striking difference between the 
range of temperature displayed in the two 
months, 135° F. in January as against 68° F. 
in July; secondly, the discontinuity of tem- 
perature at the coast lines which is manifested 
by the break between the parts of the isotherms 
for the same temperature over the land and 
over the sea. These features of the distribu- 
tion of temperature at the surface find ex- 
pression in the general circulation of the atmo- 
sphere in various ways which will be noted 
later. 

Above the surface, in the upper air to the 
level of 20 kilometres the general lines of the 
distribution can be inferred from the figures 
quoted in Table II. for the average tempera- 
tures in summer and winter at various stations 
in diffez'ent parts of the world. In the table 
the stations are grouped according to latitude 
irrespective of hemisphere. 

A study of the figures shows that from the 
ground upward the temperature falls at the 
rate of 5a or 6a or 7a per kilometre until the 
fall is brought to a sudden stop. We may 
call the fall of temperature per kilometre the 
“ lapse -rate ” of temperature, avoiding the 
word gradient, which has often been used in 
this connection, because w r e require it for the 
change of temperature in the horizontal. 

An exception to this rule is offered by the 
polar regions in winter, where the temperature 
is lowest at the surface and increases upward 
to the first kilometre at least, although beyond 
that level the general law of fall of temperature 
with height becomes operative. Corresponding 
exceptions are often exhibited locally in valleys 
at night, where the cold air accumulates in 
consequence of the loss of heat by radiation 
from the ground. The cold layer thus 
formed is very favourable for the formation 
of fog. 

The lapse-rate at the surface under summer 
conditions is generally between 5a and 6a per 
kilometre. It may be subject to variation 
and even reversed locally in certain layers as 
greater heights are reached, but on the average 
the rate increases with height and becomes 
6a, 7a, or 8a per kilometre before it suddenly 
ceases where a surface of demarcation is 
reached which we call the tropopause . Above 
that surface of demarcation the isothermal 
surfaces are normally vertical, or nearly so, 
and below it they are nearly horizontal. 

Thus the atmosphere is divided into two 
distinct parts : the upper, called by Teissereno 
de Rort the stratosphere , where the isothermal 


surfaces are vertical and there is no fall of 
temperature with height ; the lower, called the 
troposphere, in which the isothermal surfaces 
are nearly horizontal and the maximum change 
of temperature is in the vertical. The figures 
which relate to the stratosphere in Table II. 
are in black type, as are also those for the polar 
regions, where also there is no lapse of tem- 
perature near the surface in winter, but on the 
contrary a rise with height. 

The tropopause separates the lower portion, 
the troposphere, with its temperatures arranged 
in horizontal layers, from the upper, the strato- 
sphere, with its temperatures arranged in 
vertical sheets. 

The fall of temperature with height is a 
natural consequence of any mechanical process 
of mixing that would tend to realise the con- 
ditions of convective equilibrium. Hence we 
may conclude that the cessation of fall of 
temperature at the tropopause means that the 
automatic process of mixing which operates 
in the lower atmosphere does not run beyond 
that level and that the stratosphere is free from 
that kind of disturbance. The conditions which 
tend towards convective equilibrium in the 
atmosphere are those of turbulence, which may 
be set up by the relative motion of streams of 
air with regard to the ground, or with regard 
to each other, and may therefore be induced 
by convection. Such conditions are appar- 
ently inoperative in any general sense in the 
stratosphere, and consequently w r e may regard 
the stratosphere as normally free from the con- 
vection or relative motion which produces 
mixing in the vertical. 

An important point to notice about the 
tropopause as indicated in Table II. by the 
upper line of separation between black type 
and ordinary type is that its height above the 
ground or above sea-level (we have not evi- 
dence enough at present to distinguish) is 
dependent upon latitude, being highest in the 
equatorial region and lowest in the polar 
region. The differences are very considerable, 
the lowest figures shown for the height of the 
tropopause being 8-9 kilometres at Pavlovsk in 
winter, and the highest 17-18 kilometres over 
Victoria Nyanza or Batavia in the northern 
summer. The intermediate regions with some 
exceptions, which may perhaps bo connected 
with associated high or low pressures, show 
intermediate h eights, an d the gradual slope 
downward of the tropopause from the equator 
to the pole as a normal condition seems very 
probable. 

We may, however, here note that any general 
law of that kind has to take account of the 
disturbance caused by the features of the 
variable distribution of pressure in cyclones 
and anticyclones. Mr. W. H. Dines has 
classified the observations of the upper air in 
England according to the surface pressure at 
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the time of observation, 1 and from his results indicated in Table II. Since the pressure of 
we derive the following figures (Table III.) : saturation of water- vapour falls off approxi- 


Table III 


Pressure, Temperature, and Density in Regions oe High Pressure and Low Pressure 


Height* 

High Pressure. 


Low Pressure. 


Pressure. 

Temperature. 

Density. 

Pressure. 

Temperature. 

Density. 

km. 

mb. 

Tercentesimal 

Scale. 

g/mn. 

mb. 

Tercentesimal 

Scale. 


14 

143 

215 

232 

135 

224 

210 

13 

168 

215 

272 

158 

225 

245 

12 

197 

217 

316 

184 

225 

285 

11 

231 

220 

350 

214 

224 

333 

10 

209 

225 

427 

249 

225 

389 

9 

313 

231 

472 

289 

226 

446 

8 

362 

238 

530 

337 

228 

516 

7 

417 

246 

589 

390 

234 

582 

6 

478 

253 

658 

451 

242 

048 

5 

547 

259 

734 

519 

249 

724 

4 

623 

265 

818 

594 

250 

808 

3 

708 

271 

906 

- 678 

263 

898 

2 

802 

276 

1010 

772 

270 

997 

1 

908 

279 

1135 

875 

276 

1105 

0 

1026 



989 



From these figures it appears that the 
tropopause is drawn down from 12 kilometres 
to 8 kilometres by the transition from high 
pressure of 1026 mb. to a low pressure of 
989 mb., that in the troposphere air is warmer 
under high pressure than under low pressure, 
and that in the stratosphere the reverse is the 
case,- high pressure is cold relatively to low 
pressure. We may perhaps infer that the 
sequence of pressure which we experience is 
dictated mainly by the stratosphere. 

The figures of Table II. also show that in 
the equatorial regions there is a continuous 
range of temperature with height from the 
highest figure 300a to the lowest figures of 
the whole table. If we regard the distribu- 
tion as represented by isothermal surfaces 
we can see that isothermal surfaces for each 
temperature cross the equator. Those that 
reach the tropopause and there turn up and 
become vertical are successively warmer as 
we proceed farther north. Hence we reach 
the important conclusion that the distribution 
of temperature with which we are familiar at 
the surface, namely highest temperature at 
the equator and lowest in the polar regions, 
is completely reversed within the range of 20 
kilometres. 

The most important characteristics of the 
distribution of water - vapour follow immedi- 
ately from the distribution of temperature, 
because the normal quantity of water-vapour 
cannot exceed the amount necessary for the 
saturation of the air at the temperatures 


1 Phil. Trans. Roy. Soc., Series A, 

Geophysical Memoirs, No. 13, M.O. 

No. 220c. 


cc-xi. 253 ; 
publication 


mately in geometrical progression as the tem- 
perature falls in arithmetical progression, the 
most striking feature of the distribution of 
water -vapour is the rapidity with which its 
density diminishes with height. A general 
impression of the distribution can be conveyed 
by a diagram such as Fig. 8 representing the 
density of water-vapour at different levels by 
the number of horizontal lines of dots per 
kilometre of height. The thickness of the cloud 
of dots produced in this way for a selected 
number of stations referred to in Table II. 
represents in an effective manner the relative 
importance of different layers of the atmosphere 
in respect of water- vapour. It. is true that 
the air in question is not always nor even 
generally saturated with water-vapour, and 
perhaps an allowance of one quarter of the 
number of lines might be made on that 
account, but the reader is left to introduce 
that correction at his discretion. 

§ (6) Potential Temperature or Reams ed 
Entropy in the Atmosphere. — Another 
important feature of the figures included in 
Table II. is the information which they disclose 
as to the extent to which the atmosphere 
differs from the condition of convective 
equilibrium. It should be remembered that 
a fluid is in convective or labile equilibrium 2 
when any element of it moving vertically 
without loss or gain of heat takes at all 
heights the temperature of the surrounding 
air at the same level. 3 Hence in an atmo- 
sphere in convective equilibrium any part 
of the air warmed, however slightly, goes to 

2 For a fuller discussion sec § (13). 

See “ Atmosphere, Physics of the,” § ((>), p. 25. 
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the top, and cooled, however slightly, to 
the bottom. Rut convective equilibrium as 
applied to the atmosphere is a term of ambigu- 


in the water-vapour modifies the equilibrium 
conditions. In the atmosphere convective 
equilibrium is different for upward motion 
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Fig. 8. — Density of Water-vapour for Saturated Air at different Levels at Selected Stations 
in different Latitudes in Summer and Winter. 

• T i 10 I \ un ? b ? r in an Y column represents the equivalent, in millimetres of rainfall, of the water- vapour 

in saturated air at the normal temperatures given in Table II. The extension to sea-level at land-stations is 
by extrapolation. 


ous meaning, because the atmosphere always 
contains water- vapour, generally not very far 
from the point of saturation. Often it is 
actually saturated, or condensation may be in 
progress. The heat derived from the changes 


and for downward motion. If saturated air 
moves upward and suffers reduction of 
pressure and consequent reduction of tem- 
perature, the lapse of temperature is affected 
by the setting free of the latent heat of 
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evaporation and an adiabatic change of special 
character occurs for which equations will be 
given subsequently. Convective equilibrium 
for upward motion implies change of tem- 
perature according to the adiabatic for 
saturated air (see § (22)). On the other hand, 
if the saturated air is moved downward, and 
increase of pressure occurs, then the presence 
of the water- vapour is of very little importance ; 
the change of temperature produced by the 
change of pressure is in accordance with the 
adiabatic change for dry air with the coefficient 
*286 for its ratio to the percentage change of 
pressure. We have to borrow in this section 
some of the results of thermodynamic theory 
which are the subject of later sections ((18) and 


the statical stability of the atmosphere. It 
has in consequence been usual to represent the 
condition of the atmosphere at any point of 
low pressure in the upper air by recording the 
temperature which the air would show if the 
pressure were increased to a standard pressure 
under adiabatic conditions. The temperature 
adjusted in that manner was called “ potential 
temperature ” by von Bezold. 1 It may 
obviously be closely connected with the 
entropy which the air possesses in virtue of 
its temperature alone without reckoning any 
further store of entropy available in the event 
of the condensation of its remaining water- 
vapour. Regarding, therefore, dry air as the 
working substance, according to the isentropic 



no. 9.— Distribution of Realised Entropy, in Joules per Tercentesimal Unit of Temperature, 

in the Upper, Air over the Globe. 

The realised entropy is related to the potential temperature by the equation = r log,, 0 4- const. 

The standard state from which the entropy is measured is when T= 200a and standard pressure is 1000 mb. 
The diagram represents a section of the atmosphere from pole to pole ; the shaded area near the north pole 
represents the section of the massif of Greenland, and that at the south pole the Antarctic Continent. 

The indications of exceptionally high realised entropy over the equator are derived from the observations 
on Victoria 1ST yanza. 


(19)), but the idea of defining temperature in the 
atmosphere with reference to some standard 
condition of pressure is of such general 
importance that the borrowing may be 
excused. The table of figures shows that in the 
upper air of our latitude the average change of 
temperature with height is that of saturated air 
going upward, not that of air coming downward. 
Hence in summer, in this country saturated 
air can on the average go up automatically, 
but it cannot come down again, and the same 
is true of air at the equator, whereas in the 
polar regions we can scarcely see our way to 
conditions favourable for air to rise whether it 
be saturated or not. Thus the consideration 
of temperature with reference to the saturation- 
adiabatic for ascent and the dry adiabatic for 
descent is of great importance in considering 


equation pv y = constant, we get by aid of the 
characteristic equation pv = RT 

p Tr 

- — — constant, 

P y 

T . A 0 
i.e. — — r— r~ — constant = — r- i , 

p(y ~ U/y Po ( y-i)/-y 

where 0 is the potential temperature and p 0 is the 
standard pressure. Whence 

de_am_y-i dp 
6 ~~ T 7 p 


1 Sitzber. Berliner A lead., 1888, xlvi. 1189, “ Zur 
Thermodynamik der Atmosphere,” also in von 
Bezoki's Gesammelte Abhandlung , Vieweg und Solm, 
Braunschweig, 1906, p. 128, tr. 0. Abbe, Mechanics of 
the Earth's Atmosphere , p. 24S. 
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The energy equation is 

dQ—CpdT - Avdp 

/rn ART 

=c P dT 


P 


: dp. 


d<p = 


T 


JL 

where A is the thermal equivalent of a unit of work. 
Hence if <j6 denote the entropy, 

dQ dT_ARdp 
* T p 
dT dp 

V y, "™ \ C J> ~ C v) ^ 
dT _ y — 1 Cpdp 

V T “7~ 
dQ 


P 


= c 


therefore integrating. 


' pj . 


cp=*c P log e 0 -{-const. 

or changes of entropy from an agreed standard are 
expressed by the natural logarithm of the potential 
temperature multiplied by the specific heat at the 
standard pressure. 


We may call the entropy expressed in this 
manner the realised emtropy^ in contra-distinc- 
tion from the total entropy of the air which, 
includes the entropy of the water still existing 
in the form of vapour. 

The normal condition of the atmosphere in 
respect of the distribution of realised entropy 
computed in this manner is represented by the 
diagram Fig. 9. 

The relative conditions in high and low 
pressure are similarly shown in Fig . 10. 

§ (7) Statical Stability or the Atmo- 
sphere. — It will be understood that if the 
atmosphere were in convective equilibrium 
for dry air or for downward motion the 
realised entropy would be the same at all 
heights, for the changes are all adiabatic, hence 
the number of lines for any locality in this 
diagram is an indication of the stability of 
the air for downward motion, or for upward 
motion on the one side of the limit of saturation. 

It should be noted that in the stratosphere 
the lines are separated from one another by 
very small intervals, and we correctly infer 
therefrom that the stratosphere is characterised 
by great stability. In order to replace the 
air of any locality by air beneath it, that air 
would have to acquire the entropy suitable 
for the place it would have to occupy, and in 
the absence of that supply upward motion is 
not possible. If displacement is forced as, for 
example, by momentum, forces of restitution 
and corresponding oscillations would result. 

The stratosphere is the only region which 
presents permanent conditions of stability. 
Corresponding properties are exhibited in the 
lower atmosphere from time to time in what 
are called inversions or regions of negative 
lapse - rate ; such regions are nearly always 
found at the ground after clear nights, and 


generally in the polar regions during winter- 
They also occur in the free atmosphere from 
time to time, particularly, for example, in 

km. 



Figl 10. — ISTormal Distribution of Realised Entropy 
in England referred to Conditions of High Pressure 
(anticyclone), Low Pressure (cyclone), and formal 
Pressure (see Table III.). 

The realised entropy is calculated by the same 
formula as Fig. 9. 

the trade-wind regions of the Atlantic. Such 
layers of increasing entrojoy are just as 
impermeable while they last as the strato- 
sphere itself. We may with some assurance, 
therefore, regard them as decks 55 on the 
analogy of the deck of a ship. The strato- 
sphere is the main deck of the atmosphere ; 
below it from time to time are temporary 
decks which act as impermeable layers and 
effective barriers to the ascent or descent of air. 

§ (8) The Distribution of Pressure and 
the Winds corresponding therewith. — 
At this part of the subject we make a junction 
with the dynamics of the atmosphere, which is 
dealt with in another article (see “ Atmosphere, 
Physics of,” §§ (2) et seg.)~ 

Pressure in the atmosphere is related to the 
temperature. The connection between the two 
is represented with sufficient accuracy for our 
present purpose by the statical equation of 
pressure p in a fluid of density p at the point 
where the temperature is T. The equation is 

dp- - gpdz= - 

where z is the height co-ordinate measured 
from below upward. 
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Eig. 11. — Mean Pressure at 8 Kilometres in the Northern Hemisphere. 


Isobars are drawn for intervals of 5 millibars. 


The values are computed from the pressure and temperature at the surface, assuming 
a lapse-rate of temperature of 5a from 0 to 2 km., 5-5a from 2 to 4 lun., 6a from 4 to 
6 km., 7a from 6 to 8 km. The variation of gravity with latitude and height is allowed 
for, but no allowance is made for humidity. 
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Prom the surface upwards the pressure 
decreases with height, the loss of pressure for 
a given height depending upon the density of 
the column of air between the surface and the 
selected height. The chief controlling factor 
of the density is the temperature, and the next 
most important factor is the pressure, and only 
small effect is produced by the water- vapour 
present. To compare the relative importance 
of pressure and temperature we may note 
that the average differences exhibited at the 
surface in July are for temperature from 311a 
to 273a, producing about 14 per cent difference 
in density, and for pressure from 1025 mb. to 
996 mb., accounting for 2*5 per cent change 
in the density. It follows therefrom that as 
we go upward pressure will diminish more 
rapidly over cold regions than over hot 
regions. In so far, therefore, as regions of high 
pressure are cold compared with adjacent 
regions of low pressure, their influence will be 
diminished with height, and in so far as they 
are warm illative to their surroundings they 
will become intensified at the higher levels. 

Conversely, if a cyclonic area is warmer than 
its environment it will tend to disappear with 
height, and in so far as it is colder to be inten- 
sified. Cold anticyclonic regions and warm 
cyclonic regions, in so far as they exist, must 
therefore be regarded as surface phenomena. 

This conclusion is amply borne out by 
observations in the upper air, where cyclonic 
regions are colder than anticyclonic for the 
same latitude and same time of year. But, as 
we have seen (Table III.), that state of things 
has not unlimited extension in the vertical. In 
the higher regions there is a curious reversal 
of the conditions obtaining below the tropo- 
pause. At the surface there is a gradient of 
temperature from the equatorial to the polar 
regions ; at 20 kilometres that is completely 
reversed, the gradient of temperature is from 
the polar to the equatorial regions. In middle 
regions a cyclonic area is colder than an anti- 
cyclonic area, but at 15 kilometres the 
relation is opposite. So it comes about that 
differences of pressure tend to be non-existent 
at the level of 15 kilometres, and from there 
downward to 8 kilometres there is a gradient 
of density from the equatorial region to the 
polar region ; f rom 8 kilometres to the ground, 
on the other hand, there is a gradient of 
density from the polar regions to the equator, 
which may be highly accentuated by the local 
cooling of the surface. If the pressure follows 
the density from 20 kilometres to 8 kilometres 
there is a gradient of pressure from the equator 
to the pole, gradually increasing downward. 
At 8 kilometres there is a level of uniform 
density, and from there downwards the influ- 
ence of the reversed gradient of density begins 
to come in, and may become the dominant 
factor in some localities near the surface. 


Hence we may divide the atmosphere into 
two layers at the level of 8 kilometres. For 
the upper layer there is a gradient of density 
poleward, and for the lower layer a gradient 
of density equatorward. 

Figs . 11 and 12 represent the distributions 
of pressure which correspond respectively with 
the upper layer and the lower layer. We call 
attention to the remarkable similarity in the 
run of the lines of the two figures though they 
represent opposite gradients. Superposed, we 
might imagine that they would approximately 
annihilate each other. They nearly succeed 
in doing so, but owing to the indirect influence 
of land and water we have a surface distribu- 
tion resulting from a combination of the two 
(Fig. 7) which is quite dissimilar from either 
of its components. 1 

The distribution of pressure is closely related 
to the winds. If we could assume that the 
motion of the winds is a horizontal motion 
without acceleration of speed, the relation at 
any point for any moment would be given by 
the equation 

b 0 . v 2 , 

- = 2cav sin <p ± ^ cot r 9 

p Jii 

where b is the gradient of pressure transverse 
to the run of the isobaric line, p the density 
of the air, to the rotation of the earth, v the 
velocity of the motion of air which is tangential 
to the isobar, cp the latitude, E the radius of 
the earth, and r the angular radius of the 
“ small circle ” osculating the path of the air. 
The + sign relates to cyclonic motion and 
the — sign to anticyclonic motion. 

This equation can only be strictly applicable 
in special circumstances, and those circum- 
stances are obviously absent in the complicated 
conditions of a travelling cyclone when the 
angular radius of the path is small. It is also 
obviously far from exact at the surface, where 
part of the kinetic energy of the motion is 
transformed into eddy-motion and dissipated 
in friction. So much so that the line of 
motion of the air may theoretically deviate 
from the isobar to the extent of 45°, and 
maps sometimes show even greater deviation. 
Nevertheless observations of wind and pressure 
at the surface first led to a recognition, in Buys 
Ballot’s law, of some relation between the 
direction and force of the wind and the 
direction and separation of the isobars ; and 
that being the case for the surface, where the 
circumstances are obviously unfavourable, we 
are justified in assuming that the approxima- 
tion becomes closer in the upper layers. 2 

1 Bee Shaw, “ The Mechanics of the Atmosphere/' 
Nature , July 7, 1004. 

a The name of Buys Ballot may be offered as a 
reason for selecting b to represent barometric- gradient 
in place of y, which is often used for that purpose, 
but has already been used in this article for the ratio 
of specific heats. 
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So far as motion in the upper air is concerned 
we have not sufficient information to enable 
us to assign any definite value to the probable 
deviation of the direction and velocity of the 
wind from that calculated by the equation, 
hut we know that the range of velocity dis- 
played by the motion of the air in a period 
measured by hours is generally very small, 
and the numerical change of velocity per 
second at any moment can fairly be regarded 
as negligible in comparison with the instant- 
aneous velocity of the air* It is in fact prefer- 
able to assume that for horizontal velocity in 
the upper air the wind corresponds with the 
relation expressed by the equation, than to 
introduce an additional term of which the 
magnitude is quite unknown, when all the 
available evidence points to its being very 
small in all the circumstances to which we 
can hope to apply the principles of dynamics 
and thermodynamics with success. 1 

When the direction of movement of the air 
differs little from the line of a great circle the 
second term of the equation itself becomes 
of very small importance, and a provisional 
relation of wind to pressure can he expressed 
by the simple formula 

~ = 2wvsm<p. 

P 

This consideration, applies in the case of 
synchronous charts for single epochs ; in the 
case of maps of mean values the mean isobars 
will correctly represent the resultant effect 
so far as the vectors of pressure-gradient are 
concerned, hut the velocity deduced from the 
resultant gradient is not rigorously the actual 
resultant of the several velocities, because of 
the dual character of the relation of the 
velocity to the gradient when the path is 
curved. 

In the course of the formation of the maps 
of the resultant distribution of temperature, 
vapour pressure, rainfall, pressure and wind, 
the peculiar features of any occasion will be 
merged in the general map, unless the 
peculiarities are permanently attached to a 
particular locality. This is notably not so 
in the important case of travelling cyclones 
which pass along more or less recognised paths, 
but are seldom stationary when the hour is the 
practical unit of time, still less so when the 
day is the unit, and never when the month 
is the ®tmit. Consequently we must treat 
transient cyclonic and anticyclonic conditions 
separately from the average conditions. Even 
when we are dealing with average or normal 
conditions we must expect some deviation 
between theoretical and observed results, 
and refrain from carrying the reasoning to 
details. 

1 Bee “ Priori pia Atmospherical ’ Proc . May. Soa. 
Edin. 9 1913, xxxiv. 77. 


§ (9) Thu Kinetic Energy op the Atmo- 
sphere. — We may refer again to Fig. 11 , rexore- 
senting the distribution of pressure at the 
level of 8000 metres, and consider the velocity 
corresponding with the distribution of pressure 
set out therein according to the formula 
bjp =2or sin <p. We may note that there 
is on the one hand a vast circulation from 
west to east round the poles, and on the other 
hand a circulation from east to west along the 
line of the equatorial doldrums is indicated 
by the isobars near the equator. Between 
the easterly circulation of the equator and 
the westerly circulation of the regions of 40° N. 
we find vast anticyclonic areas over the 
continents with winds circulating round them. 

If we associate the equatorial side of the 
anticyclonic circulations with the easterly 
current of the equatorial region, and the polar 
sides with the westerly current of the polar 
circulation, we are led on to the idea of 
dividing the general circulation into two parts, 
separated, the one from the other, by the ridge- 
lines of the tropical anticyclones. The one 
part represents a flow from east to west over 
the equatorial region, the other a circulation 
from west to east round the pole. 

Calculations from the formula already 
quoted, supported by observations with pilot- 
balloons, enable us to make a rough estimate 
of the kinetic energy which is represented by 
these circulations. If we take the parallel 
of 30° as separating the westerly from the 
easterly circulation, we can look upon the 
latter as approximately a revolving belt of 
air 60° wide. Its weight as indicated by the 
pressure at the surface works out at 2*7 x 10 21 
grammes or 2*7 x 10 15 metric tons. Taking 
the mean velocity at 10 metres per second, the 
energy of the moving mass of air will be 

£ x 2*7 x 10 21 x 10° ergs = 1*35 x 10 27 ergs, 

or the energy of 2700 billion tons moving at 
10 m/s. or 45 thousand billion foot-tons. 

We may next consider the energy of the 
pair of the revolving polar caps. Their mass 
is not substantially different from that of 
the equatorial belt, since their area between 
30° and the poles is one -half of the area of 
the sphere. We may next consider that 
the moment of momentum of easterly and 
westerly circulations about the polar axis 
must be the same, since the motion is caused 
by internal actions and reactions. The equi- 
valent radius of the moment of momentum 
will certainly be less than the mean radius 
of the equatorial belt. Consequently the 
balance of moment of momentum must be 
conserved by a greater velocity of the moving 
air, hence the velocity of air in the westerly 
circulation ought to he greater than in the 
easterly circulation, and the kinetic energy of 
its motion, the mass being the same, should 
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be greater than the energy of the equatorial 
belt. 

Hence the whole kinetic energy of the general 
circulation is of the order of 3 x 10 27 ergs. 

To this we need to add the energy of the 
local circulation of cyclones and anticyclones 
of limited area. Later on in § (26) we have 
quoted an estimate l-5 x 10 24 ergs for a de- 
pression of no great depth or extent. The 
figures would be largely exceeded in many 
cases, and the motions of the atmosphere 
represent displays of kinetic energy on a 
gigantic scale. 

III. The Agencies at Work: Radiation 

§ (10) Analysis of Radiation into Long- 
wave and Short-wave Radiation. — -The 
primary agency in the thermodynamic pro- 
cesses is the effect of solar and terrestrial 
radiation in supplying heat to the atmosphere 
or removing it therefrom. 

The principal effect is related to the surface 
and is indicated by the maps of the distribu- 
tion of temperature already cited ( Figs . 1-4). 
Therein is noticeable that, as the result of 
direct absorption of solar radiation at the 
surface in the equatorial regions, there is not 
much difference between the mean values of 
temperature of the air over sea and over land, 
but there is a great difference between them 
as regards diurnal range of temperature. 
There is practically no diurnal variation of 
the temperature of the air over the sea, whereas 
the diurnal range over the land, increasing 
from the coast inland, becomes very great in 
the interior of continents, with extremes as 
wide apart as 23a for the month of July at 
Aswan, or 25a at Insalah (lat. 27.17 N., long. 
2.27 E.) in July, 26a in March at Jaipur, India, 
or 26a at Alice Springs, or 30a at Laverton in 
Central Australia for the month of January 
1911. 1 There are corresponding differences in 
the amount of water- vapour contained in the 
air, the amount inland being as a rule very 
much smaller than at the coasts or over the 
sea. Since water-vapour represents thermal 
energy in a latent form, which becomes avail- 
able when condensation occurs, it is necessary 
to have regard both to the temperature and 
water-vapour in considering questions of heat 
and energy in the atmosphere. 

The consideration, of the thermal effect of 
the distribution of temperature produced by 
the absorption of solar radiation or the 
emission of terrestrial radiation is, however, 
comparatively simple compared with the 
effects of radiation from the air itself with 
its varying amount of water-vapour. The 
full discussion of that side of the subject 
involves the consideration of the energy of 
different wave-lengths and its relation to 

1 Roseau Mondial , 1911, M.O. 207g, pp. 52, 20, 7. 


emission and absorption in an atmosphere of 
varying composition as regards water-vapour. 
The variation is of vital importance, because 
it is the water-vapour rather than the dry 
air which controls the absorption and radiation 
of energy by the atmosphere. By way of 
simplifying the consideration it has become 
customary to consider radiation as separable 
into radiation of long wave-length appro priate 
to water- vapour and the earth, and of short 
wave-length appropriate to the solar radiation. 
Solar radiation is diminished by one -tenth 
in passing through the whole atmosphere, 
terrestrial radiation by nine-tenths. 2 Thus for 
terrestrial radiation the atmosphere behaves 
practically as a black body, and for solar 
radiation as a transparent body. 

The chief phenomenon, which we have to 
rely upon radiation to explain, is the approxi- 
mately vertical setting of the isothermal 
surfaces in the stratosphere. The character- 
istic of the stratosphere to which the 
possibility of such an arrangement is attributed 
is the absence of any convection of the kind 
which is preceded by statical instability of 
successive layers in the vertical. The with- 
drawal of air from under the stratosphere or 
its heaping up there and the consequent 
general sinking or elevation of the tropopause 
and the layers above it may still be allowed, 
but the other form of convection which would 
tend towards convective equilibi'ium cannot 
~ exist if the atmosphere remains arranged in 
isothermal vertical sheets. 

§ (11) The General Balance of Solar 
and Terrestrial Radiation, Emden’s Equa- 
tion. — In the absence of convection of the 
ordinary penetrative character it is to radiation 
alone that we must look for maintaining the 
condition of the stratosphere, and for this we 
are provided with conclusions of a very general 
character by Humphreys, 3 Gold, 4 and Emden. 5 
The last, considering the transference of heat 
by radiation through the atmosphere, arrives 
at a curve of variation of temperature with 
height which is nearly vertical above the level 
of 10 kilometres. 

The reasoning, which is based upon the 
ultimate equality of gain and loss of heat by 
solar and terrestrial radiation, is set out in 
§ 28 of E. M. Exner’s work on Dynamische 
M eteorologie . 6 

The equation arrived at is 

<rT 4 = |I 1 [~l +»«&+?< 1 -«w)J . . (1) 


2 Abbot and Fowle quoted s.r. “Atmosphere, 
Physics of the,” by 13. Brunt, § (0) (c). 

3 Astrophys. Joitrn ., 1009, xxix. 14. Bull. Ml. 
Weather Obs., 1009, ii. 

4 Proc. Hoy. Soc Series A, 1900, Ixxxii. 43. 

5 Sitz. Ber. At. TFis\s\, 1013, p, 55. 

0 F. M. Exner, Dyruimimhe M eteorologie, B. (b 
Teubner, Leipzig, Berlin, 1917. 



ATMOSPHERE, THERMODYNAMICS OF THE 


69 


where T is the temperature on the tercentesimal 
scale; cr Stefan’s constant for the emission of radiation 
per unit area of a radiating surface ; I x is the effective 
intensity of solar radiation per unit area, which is 
reduced from the full intensity of 2 gramme-calories - 
per-niinute to *5 grainme-calorie-per-miii'ufce to give 
the mean intensity of solar radiation over the 
globe throughout the day and night, and further 
reduced by 37 per cent on account of the dispersal 
of the solar radiation by reflection or the radiative 
intensity of the earth’s albedo ; m is the fraction of 
the mass of water- vapour in the column of the 
atmosphere between the layer of temperature T and 
the top ; a is the coefficient of absorption per unit 
mass of water-vapour for solar radiation, and b the 
corresponding coefficient for terrestrial radiation. 

From that equation Exner gives the following 
table of relation of temperature and height when the 
distribution of temperature is controlled by the 
exchange of radiation under the most general average 
conditions. 


Height 

in 

Metres. 

Fraction of 
Water- vapour 
already traversed 
by the 

Solar Radiation. 

Tern po rat lire 
required for 
Steady Con- 
dition. 

Lapse-rate 

of 

Torn, peraturo. 

00 

10,000 

6,000 

4,190 

3,140 

2,390 

1,810 

1,330 

580 

0 

0-00 

0*0215 

0*1 

0*2 

0-3 

0-4 

0-5 

0*6 

0-8 

1*0 

a. 

216 

218 

227 

236 

245 

253 

260 

266 

278 

288 

n per 1000 m. 

0-0 

2*3 

4-5 

7*6 

10*7 

12*1 

12*5 

14*7 

19*0 


The nearly vertical line between 10,000 m. 
and infinity has a lapse of only two degrees, 
and the temperature at 10,000 m. 218a, com- 
pared with a ground temperature of 288a, is 
in remarkably good agreement with a general- 
ised view of the ascertained average facts for 
middle latitudes of the northern hemisphere : 
the corresponding figures for England as set 
out in Table II. are 289a and 222a in the 
summer and 276a and 217a in the winter. 

In the course of the proof it is assumed that the 
absorption is due entirely to the water-vapour 
which the atmosphere contains, and that tiro solar 
radiation A x at any level going downward is con- 
trolled by the equation dA x = - A 1 dm or A x = I 1 e“ a,n ; 
whence, using Abbot and Fowle’s value 0*1 for the 
fractional absorption of the whole atmosphere, 
e - « = 0 -9, and by similar reasoning e “ b = 0* 1, whence 
a- 105, 6—2-30. 

Relying further upon Harm’s equation 1 for the 
distribution of water- vapour in the atmosphere- 

where e is the partial pressure of water- vapour 
at the height h (in metres), and e 0 is the partial 

1 The conditions are discussed and various equa- 
tions proposed in Hatm, Lehrbuch cier Meteorologies 

1915, 3rd ed. 230. 


pressure of water- vapour at the surface; and further 
assuming that the partial pressure of water- vapour 
is separately cumulative as one goes downwards (as 
it would be in an atmosphere controlled merely by 
molecular diffusion), so that e Q represents the whole 
weight of water- vapour per unit of area at the surface, 
and e the weight per unit of area at the level h, we 
thus get and therefore (1) takes the 

following form for numerical computation of tempera- 
ture in relation to height : 

crT" 1 = J- X -315^1+2 -30 X 10 ~ ^/OOOQ 

+ '2-30 (1 “ ‘ 105 ‘ 10 ~ A/<500 °) J- 

§{12) The Outflow of Radiation from 
the Earth and the Temperature rN rela- 
tion to the Equation for Radiation. — But 
the reasoning is of so general a character, 
involving the averaging of the loss of radiation 
in the albedo and the averaging of the solar 
radiation over the whole globe as well as 
throughout the day and night, that it is diffi- 
cult to extend its conclusions to the special 
circumstances of different localities on the 
earth’s surface under similar limitations of a 
very general character. 

We may note that while the argument de- 
pends upon the outward stream of radiation, 
from the earth being balanced by the inward 
stream of radiation from, the sun, less than one- 
sixtieth of the solar radiation comes into the 
calculation of the absorption of the whole 
column, i.e. -1 of or *0315 g. -cal. per cm. 2 
per min. And in actual practice it varies 
between one-tenth or more in bright sunshine 
and zero in the Arctic countries or at night, so 
that the conditions apply only to an imaginary 
mean atmosphere. And since the absorption 
is assumed to depend upon the water-vapour 
the solar radiation only begins to be practically 
operative in affecting temperature where there 
is water- vapour in measurable quantity, and 
that is comparatively low down in the atmo- 
sphere. 

We may perhaps put the question in a 
clearer light by considering the loss of heat by 
terrestrial radiation independently of its com- 
pensation by solar radiation, of which 90 per 
cent traverses the atmosphere and is taken 
up by the land or sea or reflected outwards 
without affecting the body of the atmosphere. 

Further, we may perhaps got some insight 
into the subject by using our knowledge of the 
temperatures within and beyond the practical 
limits of the water -atmosphere, to get a 
measure of the total quantity of water-vapour 
in different latitudes, instead of assuming that 
quantity to bo expressed by a mean value for 
the total atmosphere. 

Using the same method of reasoning as Exner, and, 
so far as may be, the same notation, wo may proceed 
as follows : Premising that we have to express a 
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steady flow of heat by radiation outwards from the 
earth through the atmosphere vertically into space, 
we may call this flow R. At the extreme limit of 
water-vapour R remains, passing thence into space 
as the final result of the process ; and at the ground 
R is represented by the difference between the heat 
passing by radiation from the solid or liquid surface 
into the atmosphere and the heat carried as return 
radiation downwards from the air to the surface. 
The heat passing from the surface upward by radia- 
tion may be expressed as crT-^ 4 , where cr is Stefan's 
constant, and T E the temperature of a cc black ” body 
equivalent in radiative power to the surface under 
consideration. 

Let Bjl represent the flow of “earth radiation” 
upward which at the surface is <xT E 4 ; 

B 2 represent the upward flow by radiation 
from the atmosphere. 

Then B = B x + B 2 represents the total upward flow at 
any section of a vertical column of unlimited height 
1 cm. 2 in area of cross section. 

Let A represent the downward flow by radiation 
at the same section. 

Then in the steady state 

B — A is R, the constant flow out-ward into space, 
equal to the difference between crT-g 4 and the 
flow from the air to the ground. 

7i= the height of the section under consideration. 

Let W =the total quantity of water- vapour in the 
column ; 

mW = the amount of water- vapour between the 
ground (h = 0) and h. 

w = the amount of water- vapour which 
accumulated in a layer would radiate 
as a black body. 

b =the coefficient of absorption of radiation 
per unit mass of vapour. 

T=the temperature at h on the tercentesimal 
scale. 

T 0 =the temperature of the air at the ground. 

The radiation from a layer of water- vapour of thick- 
ness dh and tempera!. ure T with quantity of vapour 
dm is (UW Jiv)cr r F 4: dm. 

B+dB A+dA 

t : 

b W dm T 

fs l A 

Pig. 13. 


Then with the arrangement set out in Fig. 13 : 

7A AbW 7 bW 

— dA — dm -| crT^dm,. . . (1) 

bW bW 

dB - - ( B 2 + B a ) dm + ~crT*dm. . (2) 

Oil X j 


w 
bW 

dA + dB = — ( B - Ay— dm. 

w 


(3) 


7 A AX &W, 2&W 7 

dB — dA= - (B 4- A) dm crT^drn, . (4) 

w w 

B - A = constant — <xT E 4 - flow from air 

to ground = R. (5) 


Prom (3), since from (5) dB — dA — Q, we get 

b\V 

2.dA=*-(B~A)'---dm. ... (6) 

w 


Integrating (6) from m to the upper limit, where 
A is 0, 

bW 

2A = (B — A) — (1 - m). ... (7) 

w 

From (4) 

26WcrT 4 dm — (A + E)bWdm, 
or 2crT 4 = A -f- B - 2A -f ( B - A) 

/ bW — \ 

“(B — A)f 1 1 — mj. . (8) 

At the ground T = T 0 and ra=0. 


^.15- ah i + 


V 

Hence substituting for B-A in (8) the equation 
between temperature and water- vapour becomes 


T 4 ! 


L o 


6W t 

= l+(bW/iv)V + w' L 


( T -V=_ 

\T 0 7 1- 


( 

-I ( 

(bWfw)\ 


— m^ 9 


7 6W r 

1-f — 1 


■ 


(9) 


Note. — D. Brunt has pointed out that an equation 
of this form will take account of “ scattering ” as 
well as radiation by augmenting the “ loss-coefficient ” 
b by a constant Is where s is coefficient of scattering. 


If we suppose the stratosphere to be a region 
in which the amount of water is so small as 
to produce no sensible addition to the total mW 
we may put m = 1 in equation (9), substitute 
for T the normal temperature of the strato- 
sphere in any locality or for any season, and 
for T 0 the corresponding temperature at the 
ground, and use equation (9) to determine the 
value of bW /w, the ratio in which terrestrial 
radiation is diminished by passing through 
the water- vapour in the vertical column above 
it, expressed in terms of the amount required 
for “ black-body ” radiation. Results obtained 
for certain cases are as follows : 


Locality and Season. 

Temperature 
at the 
Ground. 

Temperature 
in the 

Stratosphere. 

ftW/w. 

Ren i dual 
Trim 8- 

into Space 
of Unit 
Radiation 
from the 
Ground, 


a. 

a. 



Batavia, July 

299 

187 

5 53 

•004 

England, July 

289 

222 

1-87 

•154 

England, January 

276 

217 

1*62 

•198 


In computing the curve of relation of tem- 
perature and height for radiative equilibrium, 
P. Exner used for the fractional survival of 
radiation at the limit of the atmosphere 01 as 
quoted from Abbot and Fowle. From the 
calculations here given it appears that that 
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value is too great for the equator, where the 
survival fraction is *004, and too small for 
England in summer or winter, where respect- 
ively *154 and *198 of the radiation from the 
ground escapes absorption and passes into 
space. We gather from the figures for bW /tv 
given in the fourth column that the amount of 
water-vapour in the air above Batavia is five 
and a half times as much as would be necessary 
to constitute it a “ black body ” if concen- 
trated into a single sheet ; over England the 
amount is nearly double the black -body 
standard in summer, and fifty per cent above 
black-body standard in winter. 

Substituting the values which we have here 
computed from the temperatures of the strato- 
sphere in the three cases given, we obtain the 
curves given in Fig. 14 to represent the curve 
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ElG. 14. — Variation of temperature with height in an 
Atmosphere during steady loss by radiation. The 
observed temperatures at Batavia, in England 
(summer), and in England (winter) are shown by 
dotted lines, and the curves of temperature for 
steady loss by radiation agreeing with the observa- 
tions at top and bottom are shown by full lines. 

Emden’s curve for temperature, with balance of 
radiation and assumed values for the effect of water- 
vapour, is shown by a chain line. 


of radiative equilibrium for the three cases 
mentioned. Harm’s equation for the variation 
of water-vapour with height is still assumed 
as a basis of the calculation. 

To the diagram of the temperatures at 
successive heights which would correspond 
with an equilibrium based on radiation alone, 
the average temperatures as obtained by direct 
observation have been added ; they agree at the 
ground and in the stratosphere, but between 
those extremes the actual temperature is 
largely in excess of the theoretical temperature, 
which takes no account of solar radiation. 
The influence of that radiation can be estimated 
by comparing Exner’s curve with those based 
on the formula here given. Nor is any account 
taken of the heat communicated to the air by 
conduction and evaporation of water by con- 
tact with the water or ground at the surface 


and distributed by convection over the region 
through which convection extends. We note 
also that the theoretical curve indicates a 
lapse-rate of temperature above the adiabatic 
lapse for dry air (10a per 1000 m.) from the 
ground to 4000 m., so that convection would 
ensue in any case. The difference of tempera- 
ture between the theoretical and actual curves 
(2) amounts to about 25a between the levels of 
4000 m. and 6000 m. How the disturbance of 
the temperature conditions in this sense would 
affect the distribution of temperature in the 
stratosphere itself is not apparent, but it is 
clear that the loss by radiation through the 
stratosphere would be greatly in excess of that 
which passes directly from the ground, and that 
the atmosphere would be losing heat by 
radiation from the water-vapour throughout 
the troposphere in addition to that lost by 
direct radiation from the ground. 

§ (13) Convection in Relation to En- 
vironment. — The other chief physical process 
by which thermal changes are effected in the 
atmosphere is convection. The rudimentary 
phenomena are familiar as experiments in the 
physical laboratory, but their application to 
the atmosphere entails serious complications, 
because the environment in which the changes 
take place is not by any means the homo- 
geneous 1 medium which is generally assumed in 
the explanation of an experiment on thermal 
convection in the laboratory. Its temperature 
and pressure, consequently its density and its 
statical relation to any specimen of air in 
contact with it, change normally with height 
on the average, and quite irregularly with 
height from time to time. Moreover, the air 
itself, which rises or sinks in consequence of the 
initial stages of convection, changes its pres- 
sure and temperature with the change of height, 
and the changes for any finite displacement 
depend upon the uncertain condition whether 
condensation of the water-vapour sets in or not. 

Air warmed to the extent of la above its 
environment at the surface would rise through 
its environment like air in a laboratory, but as 
it rose it would cool at the rate of la per 100 
metres. If the temperature of the environ- 
ment fell off at the rate of half a degree per 
100 metres, the rise would terminate at 200 
metres, an elevation which is very high com- 
pared with a laboratory enclosure but not of 
very great importance on the meteorological 
scale. 

It follows that upward convection, as usually 
understood in physical writings, can only 

1 Homogeneous is not a good word for this purpose, 
as it generally implies merely uniform composition. 
The term isoplethie would be very useful in this con- 
nection, as signifying, on the analogy of isothermal, 
that all the physical quantities— pressure, tempera- 
ture, and density — had the same value throughout 
the region considered. But objection has been taken 
to the use of isopleth, except in a restricted sense, 
which is not appropriate here. 
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proceed when the existing variation of tem- 
perature with height in the environment is 
greater than the variation which would take 
place in the air considered if its height were 
changed in like manner. 1 This is a very 
serious limitation of natural convective pro- 
cesses. 

Thus dry air can only ascend automatically 
by convection in an atmosphere which is 
itself in convective equilibrium and has the 
adiabatic lapse-rate for dry air, and per contra 
dry air can only descend automatically in a 
region where there is convective equilibrium of 
dry air. On the other hand, if condensation 
begins in the ascending air the further ascent 
can go on automatically if the lapse-rate of the 
environment is not less than that of the ascend- 
ing saturated air. 

§ (14) Resilience due to the Difference 
from Convective Equilibrium. — Unless the 
environment is itself in convective equilibrium 
for dry air, warmed dry air cannot ascend 
automatically beyond a certain limit, which can 
easily he calculated. If saturation supervenes, 
then the air may continue to rise along the 
saturation adiabatic (see § (22)) if the lapse-rate 
in the environment is as great or greater than 
that of the saturation adiabatic. Hence the 
continued upward motion depends on the 
temperature of the environment, and, as we 
have seen in § (7), the state of the environment 
from, this point of view may be expressed by 
its realised entropy. We have also noted that 
from the distribution of entropy arises the 
capacity of a layer of air to act as a “ deck ” 
or ceiling, preventing any vertical motion and 
therefore limiting the motion of the atmosphere 
to horizontal layers. Thus each layer of the 
atmosphere has a certain capacity for produc- 
ing forces of restitution in vertical displace- 
ment which give it resilience, one of the elastic 
properties of a solid. 

Hence the realised entropy of a layer com- 
pared with the layer beneath or above is an 
index of its resilience ; where the variation of 
realised entropy with height is zero there is 
no resilience even for dry air, but where the 
realised entropy increases with height more 
ra.pidly than entropy can. be supplied to dry 
air by automatic condensation of water the 
layer is resilient even to saturated air. 

§ (15) Penetrative and Cumulative Con- 
vection. — The process of convection to which 
we have been referring will naturally be under- 
stood to be the penetration of the upper layers 
by a limited mass of air specifically lighter than 
its environment, or, on the other hand, the 
descent of a limited mass of air specifically 
heavier than its environment. In either case 
it is gravity which supplies the driving power, 
in the first case by pushing the lighter air up- 

1 Shaw, Forecasting Weather, 1013, p. 175 (Con- 
stable & Co.). 


ward and closing in to take its place, and in the 
second case by the excess weight of the mass 
itself which displaces the air beneath, leaving 
the space which it originally occupied to be 
filled by the environment, with such adjust- 
ment of levels as may be necessary. 

In the typical experiments, penetrative con- 
vection is set up by local heating, and the fluid 
which replaces that which has ascended, itself 
becomes heated in turn and ascends ; thus the 
horizontal motion of the fluid on its way to 
replace the ascended fluid is regarded as part 
of the penetrative convection, and indeed an 
index of that convection. It is necessary to 
point out that this is not always the case in 
the atmosphere. The air which flows towards 
the central region of a cyclone does not 
necessarily form part of a continuous vertical 
circulation. It may simply accumulate in a 
gradually increasing mass of air which has no 
penetrative capacity, so that the progress of the 
convective action may either be arrested or pass 
to other parts of the environment. As the 
mass of air accumulates it may increase in 
thickness, and physical effects may be produced 
either in its own. mass or in that of the air 
above it by the elevation due to the gradual 
accumulation. Such an accumulation of air 
may he caused dynamically in the atmo- 
sphere by the flow of air from high pressure to 
low pressure across isobars, on account of the 
fact that the friction of the surface reduces 
the velocity of the layers near the surface 
below that which is necessary kinematically to 
balance the distribution of pressure (see § (8)). 
It is desirable, therefore, to draw a distinction 
between the lifting of the air over a large 
region by the accumulation due to the flow 
across isobars, and the penetrative convection 
due to the specific lightness of a limited mass 
of air. We will call the general lifting due to 
gradual accumulation cumulative convection. 
The same kind of process takes place in the 
opposite direction. Air flows away from high 
pressure to low pressure, but it does not follow 
that there is anything that can be. legitimately 
called a “ descending current” in the central 
region of the area of high pressure : there may 
be instead a gradual loss of air or ( lecum illation 
over the whole region which entails a slow 
settlement and nothing more. 

§ (16) The Relation of Vertical Flow to 
Horizontal Flow. — The importance of the 
distinction between penetrative convection 
and cumulative or decumulative convection 
acquires added weight in view of the relation 
of the horizontal motion across the isobars to 
fctm motion in the vertical over the central 
region. Ihere are three typical distributions 
of velocity with which any ascertained dis- 
tribution of velocity at the earth’s surface 
would naturally he compared ; the first is that 
of a uniform current represented by straight 
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isobars, the second a region in which the 
velocity at any point is directly proportional 
to the distance of the point from a central axis, 
and the third a region in which the velocity is 
inversely proportional to the distance of the 
point from a central axis. 

If we consider the behaviour of air flowing 
from u high ” to tc low 55 with a certain inclina- 
tion a of the flow to the line of the isobar which 
marks the direction of undisturbed flow, we 
can see that, in the case of straight isobars, the 
constant inclination a implies that the air is 
flowing across the field represented by the 
isobars without any loss or gain, so no upward 
convection is caused or required. In the 
second case, in which the velocity may be 
taken as v 0 r 9 the flow across a depth Ti of a 
circular isobar, radius r, =2ttv 0 sin <xr 2 A, i.e. 
proportional to the area, the same is true of 
every other interior isobar and therefore of 
the ring between any pair. Consequently such 
a flow requires a uniform loss of air upward 
over the whole of the area or demands a 
supply of air from above, equally uniform 
over the area. On the contrary, when the 
velocity-law is that of inverse proportionality 
to the distance or v=^vjr, the flow, with 
uniform inclination across it, over the isobar 
radius r is 2irv^Ji sin a, that is, the same for 
each radius. Hence across a vortical circula- 
tion of that description no relief is required 
from the upper air, the flow takes place across 
successive rings without loss or gain. 

We cannot, of course, claim that the dis- 
tributions which we find in a weather map 
always conform rigorously to the law v=zv () r 
or v = v Q /r, nor that the inclination of wind to 
isobar is always uniform. But there are cases 
in which the conditions are sufficiently nearly 
satisfied to indicate cumulative or decumula- 
tive convection. For example, the velocity 
of air in an anticyclone is often not unfairly 
expressed as proportional to the distance from 
the centre ; the inclination of the flow to the 
isobar is not exactly uniform, but sufficiently 
nearly so for general guidance. We can there- 
fore apply the calculation in such a case. 

If we take as an example the anticyclone of 
March 26, 1907, 1 the radius of the isobar of 
30*4 in, is 275 nautical miles, 511 km., the 
mean rate of outflow at the bottom is estimated 
from the observations at Faroe. North Shields, 
Ouxhaven, Paris, Jersey, Brest, Roches Point, 
and Donaghadee as 1 *4 in/s. The volume of out- 
flow (assuming the winds to be along the isobars 
at 500 m. and the velocity of outflow to vary 
uniformly from its value at the ground and to 
he zero at 500 m.) is ty x 1*4 x 10 " 3 x 511 km 3 , 
per second, the area within the isobar of 30*4 
in. is 7 r x (51 1) 2 km. 2 , the volume of the out- 
flow distributed uniformly over the area 

1 Shaw, Forecasting Weather , 1913, p. 284 (Con- 
stable <& Co.). 


implies a settlement at the rate of 70/511 
cm. or 1*5 mm. per second or 132 m. per 
day. In like manner the flow of air along 
the surface from the normal permanent 
summer anticyclone of the North Atlantic 
ocean works out at a settlement of 86 m. per 
day. These calculations assume the anti- 
cyclones in each case to be permanent, so that 
the rate remains uniform. In the case of the 
c< filling up 55 of a cyclonic depression over the 
North Sea between August 3 and August 6 , 
1917, when the pressure difference was assumed 
to diminish with the flow, the filling up by 
inflow at the bottom was computed on the 
same lines to take 21 days. It may be of 
interest to note that the water-vapour brought 
within the area of the cyclone by the inflow 
would imply a “ drizzling rain 55 which, if dis- 
tributed uniformly over the area, would amount 
to *2 mm. per hour. 

Thus these decumulations of air from anti- 
cyclones or accumulations of air at the base 
of cyclones imply a gradual descent or 
elevation of air over large areas, which may 
take months for the completion of a journey 
between the surface and 10 kilometres above 
it. They are different from penetrative con- 
vection, which may represent a current ascend- 
ing with a velocity of the order of 15 metres 
per minute (one-tenth of the rate of ascent of 
pilot - balloons) ; these would complete the 
journey of 10 kilometres in 10,000/900, or 11 
hours. Thus in a cyclone there may be an 
ascending current even if the minute or the 
hour is the unit of time, but in an anticyclone 
the week or the month must be the unit of 
time from the point of view of a descending 
current. 

Hence the distinction between cumulative 
convection and penetrative convection is also 
the difference between a slow settlement, in 
which air, unless otherwise disturbed, is left 
to the incidental changes that may take 
place in weeks or months, and the phenomena 
of a descending or ascending current in which 
air may be conceived of as moving downward 
or upward under adiabatic conditions. 

It is desirable to note that the flow across 
isobars which is discussed here is a dynamical 
effect which will take place regardless of the 
temperature of the air which forms the flow. 
Temperature only comes in as a disturbing 
cause when the relations between the surface 
and the air above it become unstable. We 
carl thus understand that warm air or cold air 
may travel along the surface for great dis- 
tances and give rise to notable discontinuities 
of temperature of the surface which have no 
counterpart in the upper air. 

§(17) Frictional Convection. Eviction 
of Air. — One of the effects of penetrative 
convection which has not hitherto been 
recognised as a meteorological agency, but is 
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likely to prove of vital importance, is the 
dragging up of part of its environment by 
ascending air in consequence of the eddy- 
motion set up by the discontinuity of motion 
between the rising air and the environment 
through which it rises. This is a purely 
dynamical consequence of the motion in 
virtue of which the momentum originally 
belonging to the rising air is distributed over 
a much larger volume of air formed by the 
mixing of the rising air with part of the 
environment and a corresponding loss of 
kinetic energy. 

In some experiments to ascertain the dimen- 
sions of this frictional effect of convection the 
author has found that a vertical discharge at 
the rate of 8 litres per minute through an 
orifice roughly estimated as half a square 
centimetre, abstracted about 80 litres per 
minute from a layer of its environment 10 cm. 
thick. 

We use the term tfi eviction ” to denote this 
effect of penetrative convection. 

In the experiment the terminal velocity of 
the air was about half a metre per second. 
If all the momentum had been conserved, 
which is not exactly the case, the initial 
velocity would work out at 5*5 metres per 
second. Upward velocities of that order are 
known to occur in the atmosphere though they 
are uncommon. The reduction of the original 
velocity of the jet would reduce the amount 
of air evicted to an extent not yet ascer- 
tained, but the reduction would not be to 
zero, and consequently the eviction from the 
environment of air which is in process of 
penetrative convection must be regarded as of 
real meteorological significance. Importance 
must b© attached to it because the abstraction 
of air from any environment in the atmosphere 
in which there is already some vorticity 
results in the superposition of the motion of a 
simple vortex upon the original motion, and 
the rotation of the earth itself is a sufficient 
substitute for original vorticity. 1 

Experiment also shows that a corresponding 
result upon the environment ensues when 
fine sand is allowed to fall through the air. 
The amount of air evicted in this case has not 
been measured, but it is of the same order and 
numerically larger than that due to the jet of 
air described. 

Thus the penetration of air, whether by air 
in penetrative convection or by particles of 
solid as sand, or of liquid in the form of water 
drops, will produce the eviction of air and 
cause effects which used, perhaps erroneously, 
to be attributed to the direct replacement of 
air by denser air, as in the conventional case 
of convection in a laboratory experiment. 

1 Ilayleigh, Proc. Roy . Soc Series A, 1916, xciii. 
p. 148; D. Brunt, Proc . Roy. Soc., Series A, 1921, 

xcix. p. 397, 


IV. The Thermodynamic Properties 
Dry Air 


of 


As the next step in tracing the changes in 
the thermal state .of the air which may be 
supposed to take part in the maintenance of 
the general circulation and the local circula- 
tions of cyclones and anticyclones, we con- 
sider the general equations which represent 
the thermodynamic properties of air. Peculiar 
complexity arises in this connection on account 
of the possible variations in the amount of 
moisture in the air, and the complexity is the 
more difficult to deal with in a satisfactory 
manner because the range of temperatures 
which have to be considered in dealing with the 
atmosphere extends from about 350a to about 
180a. On the low side this goes 70a below the 
limit of the classical researches of Rognault 
upon the saturation pressure of aqueous 
vapour, and the experimental data are scanty. 

The fundamental variable in the thermo- 
dynamics of the atmosphere is pressure, 
because, on the ofte hand, any motion and 
especially any variation of height entails a 
variation of pressure, and, on the other hand, 
the limiting value of the amount of water- 
vapour is controlled according to Dalton’s 
law by the partial pressure of the water-vapour 
when the air is saturated. The other variables 
are the temperature and the density, or its 
reciprocal the specific volume. 

§ (18) The Charact eristic Equation. — 
The first equation of thermodynamic relation- 
ship is the characteristic equation. For dry 
air the relation is expressed, with sufficient 
accuracy for meteorological purposes, by the 
equation pv=m> 

where p is tfie pressure, v the specific volume, 
t the temperature measured from the zero of 
the gas thermometer, and R is a constant. 
If the pressure in millibars be represented 
by P, specific volume in cubic metres per 
gramme V, and temperature on the tercen- 
tesimal scale T, the value of R becomes 
1000/1201 x 290, or 2*870 x 10 “ : \ 

§ (19) The Isentropig Equation.— The 
second relation is that between pressure and 
volume under adiabatic conditions, that is 
when the gas is regarded as enclosed in an 
environment which prevents it receiving or 
losing heat by the process of conduction or 
molecular diffusion or by radiation. For dry 
air, again, the relation is well known, 2 viz. 

pvy=f(4>), - * . ( 1 ) 

where p , v have the same meaning as before, 
y is the ratio of the specific heats of air at 
constant pressure and constant volume 
respectively, and <f> is constant so long as the 
transference of heat is prevented. It follows 
* See article “ Thermodynamics/* Vol, I. 
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from the principles of a reversible thermo- 
dynamic engine that if amounts of heat H, H' 
are required to pass from one adiabatic to 
another at temperatures T, T' respectively 
H/T and H'/T' are equal ; hence if H/T 
be regarded as a new variable, the entropy , 
it will be constant for all points along each 
adiabatic, and the change of entropy from one 
adiabatic to another will be the same at 
whatever temperature the change may be 
effected. Hence the line along which H/T is 
constant is isentropic, and the value of the 
constant /(</>) will change in consequence of 
the change of entropy from one adiabatic or 
isentropic line to another. 

If we suppose the change effected by 
communicating heat at constant pressure the 
change of entropy may be computed. 

dQ _ ^ dT ( A pdv 

ijV « rp 

A 

^c v a ±+~(R>dT-vdp) 
dT AR dp 

~~p ~ 9 

f-~ (p const.) = c v log (^ ) . . (2) 

In order to make use of numerical values we 
must measure the entropy from a zero corre- 
sponding with some standard temperature. 
In what follows the temperature 200a and the 
pressure 1000 mb. have been chosen as the 
datum point for entropy, because dry air. con- 
forms with the gaseous laws to that limit or 
somewhat beyond it, and saturated air at that 
temperature contains so little moisture that 
the difference of its behaviour from dry air is 
of no importance in practice. On second 
thoughts one would have used the tempera- 
ture of 100a instead of 200a and so avoided 
the appearance of negative values in entropy 
which may have to be dealt with if tempera- 
tures go below 200a, as they actually do at 
high levels over the equator. 

With zero entropy at 200a and 1000 mb. we can 
find the 'entropy at temperature T P and pressure 
1000 mb. 

From equation (2), if dQ/T is denoted by d<p , <p 
being the entropy measured from the standard state, 
we have 



From temperature T, p and pressure 1000 mb. we can 
reach a temperature T and pressure p along the dry 
adiabatic. For the purpose of computation the 
original equation pvt ~/(0) may be transformed by 
the aid of the characteristic equation into 



where ' w> = 

y- 1 


For our immediate purpose 


hence 


JP 

1000 



m 


loge p - log e 1000— m (log* T — log e T*). 


(3) 


Hence the entropy at p , T is the same as the entropy 
at Tp, 1000 mb., where p and T are connected with 
1000 mb. and T, p by the equation 


T 1 

Tp 


log 


P 

1000 * 


T p is the potential temperature as defined 
in § (6), hence the entropy of dry air at any 
pressure and temperature is a simple function 
of its potential temperature represented by 
equation (3), and we can use one term 
or the other as defining the condition of 
the air. 

Having determined the entropy correspond- 
ing with a series of isentropics we are now in a 
position to express pressure and volume in 
terms of entropy and temperature. 

It is perhaps desirable here to point out that 
entropy is not a physical quantity which is 
subject to conservation like energy or mass ; 
it is a characteristic quantity like temperature. 
On a diagram of the properties of dry air referred 
to temperature and entropy as co-ordinates, the 
area of a closed curve represents energy. The 
area between any step of a curve and the 
line of zero temperature is the energy required 
to make the step, and the measure of it is the 
integral fTd<p . In like manner the energy 
required to make the step is measured by the 
area between the curve representing the step 
and the zero of entropy ; in other words, the 
heat required for the step is f <pdT . Hence 
entropy is the rate of change of energy per 
unit change of temperature just as tempera- 
ture is the rate of change of energy per 
unit change of entropy, and thus entropy 
and temperature are two corresponding 
identifications of the state of a body — one 
with respect to the communication of heat 
at constant temperature, and the other with 
respect to the communication of energy at 
constant entropy. 


V. Thermodynamic Properties of 
Moist Air 

§ (20) The Characteristic Equation. — 
When the water- vapour in the air is taken into 
account the thermodynamic equations have 
to be changed. 

We now consider moist air as composed 
of X grammes or x kilogrammes of moisture 
added to one kilogramme of dry air. The 
value of X for air saturated under various 
conditions of pressure and temperature is 
given in the following Table IV. : 



Table IV— Weight in Grammes (X) of Water- vapour in (1+*) kg. or Saturated Air according to the formula X=622 el ( p - e ). 
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The characteristic equation will retain the 
same form for all temperatures above those at 
which saturation occurs and will be applicable 
for all higher temperatures, but in consequence 
of the density under standard conditions being 
diminished by substituting water-vapour for 
air the constant R of the equation will be 
different. When x kilogrammes of water have 
been added to the one kilogramme of dry air 
the value of R for the (1 -fa:) kg. for increasing 
pressure will become R', where R' = R(1 -f xje), 
e being the specific gravity of water-vapour. 
The values of R' for different quantities of 
water in grammes (X) associated with 1 kilo- 
gramme of dry air are given in Table V. 

Table V 

The “ Constant ” of the Characteristic 
Equation for Unsaturated Air according to 
the Amount of Water-vapour carried b y One 
Kilogramme of Dry Air. 


V 

A.. 

R\* 

X. 

R/.* 

fif- 

40 

3055 

£• 

19 

2958 

39 

3050 

18 

2953 

38 

3045 

17 

2948 

37 

3041 

16 

2944 

36 

3036 

15 

2939 

35 

3031 

14 

2935 

34 

3027 

13 

2930 

33 

3022 

12 

2925 

32 

3018 

11 

2921 

31 

3013 

10 

2916 

30 

3008 

9 

2912 

29 

3004 

8 

2907 

28 

2999 

7 

2902 

27 

2995 

6 

2898 

26 

2990 

5 

2893 

25 

2985 

4 

2888 

24 

2981 

3 

2884 

23 

2976 

2 

2879 

22 

2972 

1 

2875 

21 

2967 

— . 

— 

20 

2962 

i r 

2870 


* For pressure in mb. and density in g/m\ 


The values of K/ here given may be read as joules 
'per kilogramme per ten units of temperature . 

§ (21) The Isentropic Equation. — Corre- 
sponding with the isentropic equation of 
dry air there is an entropy equation for moist 
air, but the amount of water- vapour present 
constitutes a fourth variable, and moreover 
the constants involved in that equation are 
different according as any condensed water- 
vapour that there may be, or may be due, in 
view of the. physical conditions, takes the 
form of ice or water. The equations in the 
various forms required to represent the 
different physical conditions were first given 
by H. Hertz, 1 and were subsequently dis- 

1 GemtmneUe Werke, 1895, Bd. i. 320 ; Met. Zeitsch 
1884, Bd. i. 421. 


cussed and rearranged by O. Neuhoff. 2 The 
peculiarity of Neuhoff s treatment is that he 
deals with a mass consisting of one kilogramme 
of dry air carrying a quantity x of water- 
vapour instead of a kilogramme of mixture. 

The characteristic equation then becomes 
pv = H% where R / = R(1 + xfe). 

The energy equation takes the form 

dQ,=(c P +xc v ")dT - A (l +*) R#, . (1) 

where Q = the amount of energy communicated by 
transmission as heat; 

c p = specific heat of dry air at constant 
pressure ; 

Cp" = specific heat of water- vapour at constant 
pressure ; 

x = the weight of water- vapour in kilo- 
grammes associated with 1 kg. of dry 
air ; 

T = temperature ; 

A — the reciprocal of the dynamical equivalent 
of heat; 

K(1 -\-x/e) = the constant of the characteristic equation 
for the air with moisture x ; 

e = the specific gravity of aqueous vapour 

= *622 ; 

jp = tlie pressure. 


x=*e 


e 

' p - e 


(where e is the vapour pressure). 


Putting dQ^-0 in equation (1), and integrating, 
we get 


where 


p T 

log -=»*I log 

Po J o 

2? /l+a<c//e*)\ _ /l+2-023a?\ 

ARV lfx/e ) ' \1 -f 1-G08 x)' 


This equation for the adiabatic holds as long as 
there is no condensation taking place. 

Thus the effect of the moisture is merely to change 
the constant of the adiabatic equation between 
pressure and temperature ; and, as will be seen from 
the table of the values of X (Table IV.) the difference 
is generally very small. 

The Main Stage . — When the air is saturated and 
condensation of water is occurring, a state of things 
which is conventionally known as the rain-stage, we 
get water in the liquid form as well as in the gaseous 
form, and wo have to deal with the heat required to 
raise the temperature of the water and the latent 
heat of the vapour. 

We get a new energy equation, 3 viz. 

dQ = (Cj, -1- £c)dT -I- Td (^v) - ART^, . (2) 


where £ =x +?/, whore x refers to water- vapour and y 
to liquid water ; 

c —specific heat of liquid water: 
r = latent heat of evaporation of water; 
p f = the partial pressure of the dry air. 


2 Mem. Ray. Prim*. Met. Inst., 1900, i. 271, tr. 
by 0. Abb('>, Smithsonian Miscellaneous Collections, 
Mechanics of the Marti! s Atmosphere, 3rd Collection, 
1910, !i. No. 4. 

2 Clausius, Mechanical Theory of Ileal, 1879, p, 150, 
tr. by W. It. Browne (Macmillan and Co.). 
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For the adiabatic equation <#Q = 0, hence 


log 


Po 


V' +£c T log^lO fxr _ x 0 r Q \ 
AR g T 0 AR \T T 0 / 


m n log ^ + 


T , log e 10 (xt 


where 


m 


'll" 


Cp + £c 

"“ar" = 


_ Vo\ 
AR \T T 0 /’ 

l( 1+ ^) 


(3) 


c, 

: AR 


= 3-441(1 +4*2G5£). 

When the water which condenses falls away as 
rain, except for the fraction which remains as 
cloud, the equation will be altered by having x in 
place of £ in the value of m n and the curve represented 
by the equation has been called a ££ pseudo-adiabatic 55 
line. It will be more convenient to call it an 
“ irreversible adiabatic/ 5 while the curve which 
assumes the retention of the water is called a 
reversible adiabatic. 55 

In these equations values can be assigned for the 
various constants, and a series of curves corresponding 
with the various values of £ can be plotted both for 
the reversible and the irreversible adiabatics. 


For the purposes of this article, in which 
we propose to deal only with the more general 
aspects of the thermodynamic processes, the 
thermodynamic theory might well have stopped 
with equation (3) and the whole process have 
been regarded as the condensation of water. 
We should then have disregarded the amount 
of heat set free by the freezing of water into 
ice which occurs when hail is formed ; and we 
should also have neglected the change in the 
latent heat which is introduced when water- 
vapour is converted directly into snow and the 
change in the specific heat of the condensed 
moisture when ice is produced instead of water. 
These omissions are not of any serious prac- 
tical importance, because on the one hand the 
formation of hail is a comparatively exceptional 
occurrence depending upon circumstances 
which are not yet amenable to rigorous 
dynamical or thermodynamical treatment, and 
on the other hand the amount of water-vapour 
in the atmosphere below the freezing-point is 
so small that the differentiation between the 
latent heat of vapour from ice as compared 
with water leads us into niceties which are a 
long way beyond the limit of the practical 
application of the equations to the atmo- 
sphere. In fact our knowledge of the 
physical properties of water in the neigh- 
bourhood of the freezing-point is altogether 
on a different plane from that of our capacity 
to deal with the meteorology of the atmosphere 
in the regions where such changes occur. As 
a physical exercise the modification of the 
equation to deal with the freezing of water 
and the condensation into ice has some in- 
terest, and we therefore reproduce it although 
its application in detail to the circumstances 
of the actual atmosphere will not detain us. 

The Hail Stage .— The third stage in the 


gradual process of dynamical cooling of a 
mixture of air and water- vapour, namely, that 
which concerns the freezing of the condensed 
water supposed to have been retained with 
the cooling air in its ascent, is called by von 
Bezold the hail stage. 

The total water content £ will now be made up of 
three parts, x vapour, y water, and z ice, so that 
£=#+ 2 / + 2 . The freezing will take place at a 
constant temperature, and will be consequent upon 
reduction of pressure and expansion of volume 
with work on the environment. 

The energy equation is 

dQ= ART 0 ~ + rdx — r e dz > 


where V is the specific volume of the air and r e is 
the latent heat of fusion of ice. 

Since the process is adiabatic, c£Q = 0 and wo get 


„ ART 0 , V , 

°“ iogTlO log v7 h ' r (*- **>>-»••<*- s o)- 

Since the change is isothermal, V/V 0 ==p' alp' and 
x — e(e/p'), and as at the beginning z = 0 and at the 
end y — 0 the equation becomes 


log p' ■ 


logs 10 

AR 


r -I -r, 
~T n 


ee= log p Q ' - - 

Po 


1 log e 10 x r 


ce 


ART 0 
log 0 10 x r C u 


ARTn 


s* 


Numerical values can now be inserted to determine 
the change of pressure during the process. 

The Snow Stage . — The final stage in the 
gradual process of dynamical cooling, called 
by von Bezold the snow stage, deals with the 
condensation of water- vapour to ice or snow 
under adiabatic conditions. The equation is 
similar to that for the rain stage, with the 
sxibstitution of the specific heat of ice, c e = 0-5, 
for that of water and the addition to r of r e , 
the latent heat of fusion of ice (79 gramme- 
centigrade-thermal units). 

The differential equation for the adiabatic thus 
becomes 

-0-(e,,+fe B )dT+Tfl(|(r+r.)^ - ART-|' ; 


and integrates to give 


p' {c v +£c e ) 


l ° e k = 


AR 


logr 


T 


T n 


logs 10 /x( r+r e ) _ sro(r 0 +r e ^ 
All V T 


Writing 


r 0 +r e )\ 

t 0 y 


m IV for C -- ' j e or 3-441(1 +2-105^), 


we got 


log 


p’ __ logs 10 
P' 0 All 


r -\~r e ee 
T p' 


loge 10 r 0 +r e ee n 
All ' T 0 p' 0 


in iv log 


from which by substitution tho adiabatic curves for 
air saturated with vapour below the freezing-point 
can bo drawn. 

A transcript of tho curves obtained by Neuhoff 
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from these equations, with pressure and height, as 
co-ordinate axes, is given in Fig . 15. 



FIG. 15. — Adiabatics for Saturated Air, referred to 
temperature and height as co-ordinate axes, 
with lines of pressure in the upper air corre- 
sponding with the standard pressure 1013-2 mb. 
at the surface. 

The pressure is shown by full lines crossing the 
diagram, and the adiabatic lines for saturated air by 
dotted lines. The short full lines between the ground 
and the level of 1000 metres show the direction of the 
adiabatic lines for dry air. 

VI. The Mechanism of Thermodynamical 
Processes in the Atmosphere 

§ (22) Entropy-temperature Diagrams. — 
The equations which have been adduced in the 
previous section enable us to follow the changes 
which must occur when air mixed with a 
specified amount of moisture is subjected to 
the changes of pressure incidental to changes 
of height, or other circumstances, provided 
that we are able to assume the conditions to 
be adiabatic. There are two considerations 
which might be held to invalidate that assump- 
tion. One is that the change of pressure is 
not infrequently due to relative motion be- 
tween the air “ under reference ” (to borrow 
an official phrase) and its environment, and 
any relative motion between adjacent masses 
of air implies eddy-motion and consequent 
mixing ; the second is that the air is certainly 
not completely protected against loss or gain 
of heat by radiation, and consequently the 
adiabatic condition cannot be rigorously com- 
plied with. The importance of these con- 
siderations depends upon the volume of the 
air under reference in the first case, and the 
duration of the operations in the second case. 

It would require an elaborate investigation 
to lay down with precision the extent to which 
the adiabatic condition is invaded in actual 
circumstances, and in either case it is pre- 
ferable to assume that the adiabatic condition 
is rigorously maintained, and trust to dealing 
with any deviation from that condition as a 
correction, or otherwise, when the consequences 
of adiabatic changes have been deduced. 


In the classical discussions, pressure (in- 
directly representing height) and temperature 
have been selected as the independent vari- 
ables ; adiabatic lines corresponding with 
specified conditions, as for the dry-air-stage 
before condensation occurs, the rain-stage 
when water is being condensed or evaporated, 
the hail stage when the water suspended 
mechanically is transformed into ice, or vice 
versa , and the snow stage when there is direct 
transformation from vapour to ice, or vice versa , 
have been plotted in the diagram. The addi- 
tion of another set of lines gives the amount 
of water in the mixture in the form of vapour. 
The arrangement is very convenient for com- 
bining a great deal of information in a single 
diagram, but if we wish to deal with the 
subject from the point of view of energy — 
and that is the chief object of thermodynamical 
reasoning — the recognised independent vari- 
ables are pressure and volume of unit-mass, or 
alternatively the entropy and temperature of 
unit-mass. With either pair of variables an 
“ indicator-diagram 53 can be constructed which 
represents energy by area, in work units in 
the one case and in heat units in the other. 
Hence it is desirable to construct, from the 
information which is supplied by the equations, 
indicator-diagrams applicable to the various 
conditions in respect of moisture, to set out 
the isothermal lines and isentropic lines as 
referred to co-ordinates representing pressure 
and volume, and to space consecutive isentropic 
lines according to equal steps of entropy ; or 
alternatively to set out the isothermal and 
isobaric lines as referred to co-ordinates repre- 
senting temperature and entropy. The latter 
alternative is preferred, because it brings into 
the open a difficulty which cannot be evaded, 
and which arises from the changes in the 
amount of water-vapour in the air in conse- 
quence of the falling out of the condensed water* 

The difficulty arises in this way : the 
diagram has to be constructed for a definite 
mass of working substance, namely, a mixture 
of air and water, and in order that thermo- 
dynamical reasoning may be applicable the 
processes must be reversible. In the course 
of the air’s history, as soon as water falls out 
the conditions cease to bo satisfied, and further 
operations apply to a new substance. 

There is an advantage in recognising this 
difficulty, because it requires us to realise that, 
in dealing with a mixture of which one com- 
ponent is variable, we cannot use language 
which is appropriate only for a substance of 
fixed composition. This is particularly notice- 
able in the case of entropy. For example, if 
we take the case of air ascending a hill-side 
and descending on the other side, according to 
the common explanation of the distribution 
of temperature in fohn, it starts as a partner- 
ship between air and water, each contributing 
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to the entropy of the mixture. On the way 
one of the partners falls out, and in doing so 
hands over his store of realised energy to the 
other, thus leaving the other much more 
favourably situated in respect of entropy than 
when he started, and yet having gone through 
an tc adiabatic ” process. 

In like manner it has been pointed out by 
Dr. 0. W. B. Normand of the Meteorological 


dry air as the substance that goes through the 
thermodynamic changes, and the water carried 
with it as a possible supply of heat. In 
ordinary circumstances the amount of water- 
vapour is so small, compared with the air 
which carries it, that no important error will 
be introduced if we neglect the other aspects 
of the effect of water-vapour. 

We have therefore transformed the figures 


Table VI 


Saturated Air 

Temperatures at specified pressures along lines of specified entropy computed for 1 kg. of dry air 
saturated with x kg. of water-vapour (neglecting the adjustment for the 66 hail stage 55 of true reversible 
adiabatics). The entropy realised at the standard pressure of 1013-2 mb. and at the temperature of the third 
column is set out in the second column. The figures in each horizontal row are for an adiabatic line. 

The entropy is measured from a zero defined by T=200, p = 1000 mb. 


Entropy. 

Pressure in Millibars. 

: 

Total. 

Realised at 
1013-2 mb. 

10132. 

1000. 

900. 

800. 

700. 

600. 

500. 

400. 

300. 

200. 

100. 






Temperatures on the Tereenteaimal Scale. 



J/a, 

J/a. 

a. 

a. 

a. 

a. 

a. 

a. 

a. 

a. 

a. 

a. 

a. 

655 

415 

303 

302-6 

299-1 

295-2 

290-8 

285-5 

279-0 

270-9 

260-1 

241-0 

199-5 

622 

409 

301 

300-5 

297-0 

293-0 

288-3 

282-8 

275-9 

267*7 

255-8 

234-7 

193-0 

593 

402 

299 

298*5 

294-9 

290-8 

285-9 

280-0 

272-8 

264-3 

251-2 

228*1 

• » 

566 

395 

297 

296-5 

292-8 

288-4 

283-3 

277*3 

270-1 

260-9 

246*5 

222-7 


541 

388 

295 

294-5 

290-7 

286*2 

280-9 

274-5 

267-1 

257*0 

241-5 

216-7 


517 

381 

293 

292-4 

288-4 

283-8 

278-3 

271*7 

264-0 

253*0 

236-8 

211-3 


496 

375 

291 

290-4 

286-3 

281*5 

275-7 

269-2 

260-9 

249*1 

232*0 

206-7 


476 

368 

289 

288*4 

284-2 

279-2 

273-1 

266-4 

257-5 

245-0 

227-5 

202-7 


457 

361 

287 

286*4 

282-0 

276-8 

270-7 

263-6 

254-1 

241*1 

223-2 

198*3 


439 

353 

285 

284*4 

279-7 

274-4 

268-3 

260-7 

250-7 

237-2 

219*2 

194*7 


423 

346 

283 

282-4 

277-6 

272-1 

265-8 

257*8 

247-3 

233-5 

215-2 

191*3 


407 

339 

281 

280-4 

275-4 

269*9 

263*2 

254-9 

244-0 

229-8 

211-7 

, , 


393 

332 

279 

278*4 

273-2 

267-7 

260-7 

251 -9 

240-9 

226-6 

208-5 

. . 


379 

325 

277 

276-4 

271-2 

205*3 

258-0 

249-0 

237*5 

223-4 

205*5 

, . 


365 

318 

275 j 

274-4 

269-1 

262-9 

255-5 

246-0 

234-5 

220-2 

202-5 

• . 


352 

310 

273 

272-4 

267-1 

260-7 

252-9 

243-4 

231*6 

217-4 

200-0 

. , 


338 

303 

271 

270-3 

264*8 

258-2 

250-2 

240-4 

228*7 

214-4 

197 -2 



325 

295 

269 

268*3 

262-6 

255-6 

247*5 

237-6 

225*9 

211-7 

194-8 

. . 


314 

288 

267 1 

266-3 

260-3 

253-2 

244-9 

234-9 

223-1 

209-0 

192-3 

„ , 


302 

280 

265 

264-2 

258*1 

250-9 

242*4 

232-3 

220-5 

206*8 

. . 

. . 


291 

273 

263 

262-2 

255-9 

248-6 

239-9 

229-8 

218*1 

204-4 

. . 

• . 


280 

265 

261 

260*2 

253-7 

246-3 

237*5 

227-4 

215-9 

202-2 

. . 

, . 


270 

257 

259 

258*2 

251-6 

244-0 

235-3 

225-3 

213-6 

200*3 

, . 

* „ 


260 

249 

257 

256-2 

249-6 

242-0 

233-3 

223-3 

211-6 

198-4 

. . 

. . 


250 

241 

255 

254-2 

247*4 

239-7 

230-9 

221-0 

209-6 

196-4 

. . 

• . 


241 

233 

253 

252-1 

245-3 

237-6 

228*7 

218-9 

207-6 

194-6 

. . 

* « 


231 

225 

251 

250-1 

243-2 

235-4 

226-6 

216-9 

205-5 

192-0 





Note . — The entropy realised by the dry air at successive stages in consequence of the condensation 
of water- vapour is indicated in the diagram, Fig. 16. 


Office, Simla, in a report recently published, 1 
that the process of evaporation from, contact 
with a water surface such as a wet bulb is 
“ adiabatic,” because when a steady state has 
been reached water- vapour is taken up without 
any com munication of heat ; the water on the 
bulb takes its heat of evaporation from the 
air which carries it away. 

We shall do well, therefore, to regard the 

1 Memoir of the Indian Meteorological Department^ 
vol. xxiii. part i. 

yon. m 


derived from the Neuhoff equations, extended 
to the lower temperatures which occur in the 
upper air, into entropy-temperature diagrams, 
the first for dry air and the second for saturated 
air containing quantities of water- vapour in- 
dicated by saturation lines. The work was 
carried out by Mr. A, W. Lee, M.Sc., of the 
Imperial College, and included the extension 
of the tables of thermal constants to cover the 
required ranges. The results of the computa- 
tion are given in Table VI. 


9 
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§ (23) Indicator-diagrams for Saturated 
Air referred to 64 Realised 15 Entropy and 
Temperature. — In the course of its progress 
through a cycle of operations the changes in the 
condition of the air can be traced with approxi- 
mate accuracy by the aid of two diagrams, one 
for dry air and the other for saturated air, 
provided that the conditions of the successive 
steps can be specified. As working with two 
diagrams alternately, according as the air is 
saturated or not, is a cumbrous process, we may 
use instead an approximate diagram in which 
the dry air alone is regarded as the working 
substance and the moisture is regarded merely 
as a reservoir of latent energy which be- 

— Lines of ecntcti pressure 



Fig. 16. — Relation between realised Entropy, Tem- 
perature, and Pressure of a kilogramme of Dry 
Air which carries with it sufficient Water- vapour 
initially for Saturation to be attained when it has 
risen to a height of 1 kilometre. 

The broken lines show the pressure in millibars, and 
the dotted lines the water- vapour content in grammes. 

comes realised when condensation takes place. 
In making this approximation there may be 
some appreciable error in the values of density 
and other physical conditions at temperatures 
above 280a, hut for the purpose of general 
consideration of atmospheric changes an 
approximate diagram of this kind is very 
convenient. Such a diagram was constructed 
for the author by Mr. E. V. Newnliam of the 
Meteorological Office in 1917. From NeuhofPs 
equations, extended to the low pressures and 
temperatures of the stratosphere, theisentropics 
of saturated air are there plotted as an entropy - 
temperature diagram, spacing the lines accord- 
ing to the entropy of dry air (measured from 
200a and 1015 mb.), computed from the 
equation d(p^=c^dT/T, at equal intervals of 
temperature. 


The latent heat of condensation was allowed 
for as the condensation took place, and the 
entropy of the air increased accordingly. In 
this manner the diagram shown in Fig. 16 was 
constructed. It is clear that on this diagram 
an adiabatic line for saturated air is not 
isentropic for dry air, and the full entropy of 
the mixture of air and vapour is not repre- 
sented. The entropy shown corresponds only 
with the realised energy ; that which still re- 
mains latent is not counted. Hence the use 
of the term 44 realised entropy,” which is not 
a very suitable one because it suggests the 
idea of entropy as a “conservative” quantity, 
whereas it is no more conservative than tem- 
perature. 

On this diagram energy is represented by 
area, along the a:- axis by the product <pd r t 9 
and along the jy-axis by the product Tdrf). 
If we can sketch out a cycle of operations it 
is clear that we can obtain values for the 
energy changes in the course of the cycle, and 
thence obtain an estimate of the dynamical 
efficiency of the atmospheric process repre- 
sented by the cycle. 

§ (24) A Cycle of Operations. — With the 
aid of this diagram we can now try to formulate 
a cycle through which the atmospheric air 
may be supposed to pass. W© may begin 
with air saturated at 300a at A (Fig. 17), in 



the environment of equatorial air such as that 
of Java as set out in Table II. On reference 
to that table it will be seen that the values 
of temperature for successive reductions of 
pressure are less than the temperatures at 
corresponding pressures or heights in the 
adiabatic line for saturated air, starting from 
the same temperature 300a until the height of 
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15 kilometres is reached. Consequently there 
is nothing unreasonable in assuming that the 
equatorial air may rise automatically to 15 
kilometres or more, represented by the point 
B, shedding its condensed water on the way. 
Arrived there at the same temperature as the 
environment with the water lost, we see that 
any step downward under adiabatic conditions 
will be attended by a rise of temperature at the 
dry adiabatic rate of approximately one degree 
for 100 metres. The result of direct descent 
to the surface again may be read off on a 
diagram for dry air to be 360a. Warming at 
that rate would immediately bring the tem- 
perature of the descending air above that of 
its environment, consequently descent in any 
normal atmosphere under - adiabatic conditions 
is out of the question. We must therefore 
suppose that the next step in its history is for 
the air to lose its heat, and for that purpose 
we must appeal to the diagrams of radiation 
{ Fig. 14). The loss may presumably take place 
by air radiating more than it absorbs, however 
diffieult it may be to specify the appropriate 
conditions. Loss of heat need not necessarily 
result in diminished temperature ; instead of 
that the air may descend until its temperature 
is the same as that of its environment, and 
as the air is originally just under the strato- 
sphere and does not differ in any notable degree 
from its environment, we must suppose the 
loss of heat bo be general, and to bo an incident 
in the general circulation which in effect carries 
the air under the stratosphere northward, after 
some long travel, perhaps first westward and 
then northward, turning north-eastward, until 
it is below the stratosphere at some point C 
where it can find means of descent to the 
surface at D. The evidence for a direct descent 
of air through the layers beneath is not very 
strong except on the cold slopes of the moun- 
tainous Arctic and Antarctic lands, such as 
Greenland and the Antarctic continent, or 
down the cold slopes of other high moun- 
tains during the night hours or in shadow. 
There is very definite descent of air from 1 
above in the case of line-squalls, which are 
common incidents in the labor stages of a 
cyclonic depression, but wo have no definite 
information as to the height at which the 
descent commences. Under most favourable 
conditions, therefore, wo may trace the course 
of the air to its arrival at the surface some- 
where about latitude 60° N. or S. at a tempera- 
ture of 275a. To resume its original condi- 
tion it has then to find its way over the 
sea surface, absorbing heat and moisture near 
tho equator, until it is warm enough and 
moist enough to be saturated again at 3()(>a. 

This is the most generalised form of cycle 
for the atmosphere. Cycles of more limited 
extent are presumably possibles in favourable 
circumstances. Favourable circumstances are 
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indicated by the existence of penetrative con- 
vection, and the evidence of penetrative con- 
vection is heavy rainfall over a limited area. 

§ (25) The Efficiency op the Cycle. — The 
cycle can be represented by the closed figure 
drawn on the diagram, and the following values 
can be taken from it : 

1. Heat is being absorbed by tho air during 
the passage from D to B through E and A, 
and its amount may be estimated as the 
equivalent of the area between DEAB and 
the line of zero temperature. 

2. Heat is being given out by the air during 
the passage from B to C, and its amount may 
be estimated as the equivalent of tho area 
between BC and tho line of zero temperature. 

3. The heat which is converted, into work 
is represented by the area ABODE. 

The approximate values as estimated from 
tho figure are : 

Energy taken in : 

(440 - 320)292 + (690 - 440)270 = 102540. 

Energy given out : 

(090 - 320) x 213 = 78810. 

Energy transformed into work =23730. 

Efficiency, 0*23. 

§ (26) The Work hone in the Cycle. — 
The question at once arises as to what form 
the work of such a cycle takes, and in reply 
we may point to the fact that- the kinetic 
energy of the general circulation described in II. 

§ (9) is maintained in spite of the losses which 
take place in consequence of friction with the 
ground and losses through eddy-motion and 
ultimately molecular viscosity. 

There is also the kinetic energy of cyclonic 
circulations in the form of tropical revolving 
storms or of cyclonic depressions of middle 
latitudes. Meteorological opinion is divided 
on the subject. Some writers regard the energy 
of such circulations as derived from tho energy 
of the general circulation, whereas others are 
disposed to regard the kinetic energy of the 
more violent winds at least as tho expression 
of tho work done in tho thermodynamic cycle, 
of which the first stage is tho penetrative con- 
vection due to the ascent- of either exception- 
ally warm and moist air in a normal environ- 
ment., or of normally warm and moist air in 
an exceptionally unstable environment. There 
is experimental evidence (referred to in § (17)) 
to show that penetrative convection results in 
the mechanical withdrawal of a quantity of 
air from the environment of tho rising air, 
which may be ten or twelve times the amount, 
of the rising air itself, and such “ eviction ” 
in an extended region where there is already 
some relative motion causes a cyclonic circula- 
tion in tho environment. 

In tho latter case the lines of Fig. 16 will 
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supply a means of quantitative estimation of 
the process, and some support for that view is 
afforded by such events as those which are 
recorded for the depression formed over the 
lower part of the North Sea between July 27 
and August 3, 1917. Apparently the depression 
was formed in situ, becoming most fully de- 
veloped after some ups and downs on August 3. 
Apparently also it filled up in situ by August' 6. 
The numerical particulars roughly computed 
appear to be as follows : 

Diameter of depression, 1400 km. 

Depth at centre, 10 mb. 

Quantity of air removed to allow for the 
depression, 70,000,000,000,000 kg. 

Quantity of water-vapour, 700,000,000,000 
kg. 

Kinetic energy developed, 1-5 x 10 24 ergs. 

Energy available from the condensation of 
water, 1*764 x 10 25 ergs. 

Time required to fill up by cumulative trans- 
fer near the surface across the bounding isobar, 
2J days. 

Water -vapour carried into the area by trans- 
ference across the boundary equivalent to an 
average rainfall over the whole area of *2 mm. 
per hour. ^ g- 

ATMOSPHERIC ELECTRICITY 1 

I. General Account of the Main Facts and 

Problems of Atmospheric Electricity 

§ (1) Fine Weather Effects, (i.) The Vertical 
Electrical Force or Potential Gradient . — Let us 
suppose that on a fine clear day we make 
observations on the electrical conditions over 
the surface of a level field freely exposed to 
the sky. We shall find that the ground is 
negatively charged, in other words that there 
is a force tending to move a positively charged 
body in the atmosphere downwards, or again 
that work has to be done in moving a positively 
charged body upwards. Quantitatively there 
are three equivalent ways of describing the 
results of our observations : we may say that 
there is a certain negative charge a per sq. cm. 
of the ground, or a vertical downward electric 
force F=47rcr, or that the potential V in the 
lowest layers of the atmosphere increases with 
the height, the rate of increase dVjdh being 
equal to F = 4 tto\ It is generally in terms of 
dV/dh , the potential gradient, measured in 
volts per metre, that the results of such 
observations are expressed. 

The average magnitude of the positive 
potential gradient in fine weather is of the 
order of 100 volts per metre, corresponding to a 
negative charge on the ground of 3 x 1(P 4 e.s.u. 
per sq. cm. or 3 e.s.u. = 10"° coulomb per sq. 
metre. 

1 The numbers inserted in the text refer to papers 
in the list at the end of the article. 


The potential gradient at the earth’s surface 
is continually varying ; in addition to irregu- 
lar variations which largely depend on local 
meteorological conditions, there are well- 
marked annual and diurnal variations. The 
average value of the potential gradient and 
the character of its annual and daily varia- 
tions differ at different parts of the earth’s 
surface. 

The potential does not continue to increase 
uniformly with increasing height above the 
ground ; the potential gradient soon begins 
to diminish, and before a height of 10 km. , 
is reached the potential has become almost 
independent of the height. Thus the potential 
of the whole upper atmosphere above regions 
of fine weather is probably less than 1 million 
volts. 

The diminution in the vertical force with 
increasing height implies that the lower 
atmosphere is positively charged. The fines 
of force which start from the negatively 
charged ground nearly all end (on positively 
charged dust particles or on positive ions) 
below a height of 10 kilometres. 

(ii.) The Air-earth Current . — The normal 
vertical field of the atmosphere tends to 
drive positively charged bodies downwards, 
negatively charged bodies upwards ; the 
motion of such charged bodies under the action 
of the electric field constitutes an electric 
current. Positively and negatively charged 
bodies — ions — are in fact always present in 
the atmosphere, which has in consequence a 
varying electric conductivity proportional to 
the number of ions per c.c., the charge carried 
by each and their mobility (i.e. the velocity 
with which they move through the air under 
the action of unit electric force). The con- 
ductivity and the sources of the ionisation to 
which it is due have formed the subject of 
many investigations. 

The current which flows from the atmosphere 
into unit area of the ground under the influence 
of the normal potential gradient of fine weather 
may be found by determining the two factors 
on which it depends— the potential gradient 
and the conductivity. It may also be obtained 
by direct measurement. The average air- 
earth current is about 2 x 10“ 10 ampere per 
sq. cm. =2 micro-amperes per sq. km. or 
about 1000 amperes for an area equal to that 
of the whole surface of the earth. 

While the absolute magnitude of the air- 
earth current as thus determined is small, it 
is large enough to convey from the atmosphere 
to the ground in one minute a positive charge 
of the order of one-tenth of the negative 
surface charge on the ground. As the ground 
nevertheless maintains its negative charge 
there must be some com pemsating pn >eess 
continually conveying a negative charge to 
the earth. To find the source of this air-earth 
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current, or to account for the maintenance of 
the potential difference between the upper 
atmosphere and the ground, in spite of the 
conductivity of the intervening air, is one of 
the main problems of atmospheric electricity. 

§ (2) Effects of Showers and Thunder- 
storms. — The electrical phenomena which are 
associated with showers and which reach their 
full development in thunder-storms are very 
different from those of fin© weather. The 
potential gradient at the ground may he 
either positive or negative and frequently 
changes sign. The vertical electric force at the 
ground frequently exceeds 10,000 volts per 
metre, i.e. 100 times the normal fine weather 
gradient, and its magnitude and direction may 
change suddenly owing to lightning discharges. 

The exchanges of electric charge between 
the earth and atmosphere are also of much 
larger magnitude than those which occur 
in fine weather, and the direction of the current 
between the earth and atmosphere is continu- 
ally varying. 

There are three ways in which a positive 
or negative charge may pass during a shower 
from the atmosphere to the ground. The 
rain or other form of precipitate may it- 
self bo charged and thus carry a convection 
current, directed downwards or upwards 
according as its charge is positive or negative. 
There is evidence that, on the whole, more 
positive than negative electricity is in this 
way transferred from the atmosphere to the 
earth. These convection currents rarely 
exceed 1Q“ X3 ampere per sq. cm. or 1 milli- 
ampere per sq. km. 

In a thunder-storm lightning discharges 
may pass between a cloud and the ground. 
These may carry positive electricity from the 
cloud to the earth or from the earth to the 
cloud ; on the whole the results obtained thus 
far indicate a greater frequency of the latter 
kind of discharge. The average quantity 
discharged in a lightning flash is of the order 
of 20 coulombs, so that in a storm in which 
several such discharges occur per minute the 
average current between the cloud and the 
earth, due to lightning flashes is of the order 
of I ampere. 

In addition to lightning discharges continu- 
ous conduction currents must traverse the 
surface of the ground below a thunder-cloud ; 
they have their sign determined by that of 
the vertical electric force and may thus he 
either upward or downward. The magnitude 
of such currents through unit area of the 
ground may greatly exceed that, of the ordinary 
air-earth current of fine weather ; it is likely 
to exceed it in a ratio much larger than that 
of the electric fields causing the currents. 
For not only may there be additional sources 
of ionisation due to the rain (evaporation of 
charged drops and sjdashing at the ground), 


but the electric field at the ground may itself 
be strong enough to produce numerous point 
discharges which together carry a large 
current. The continuous conduction current 
between a thunder-cloud and the ground 
probably exceeds that carried by lightning 
discharges. 

Further observations are required to de- 
termine whether the three types of current 
below shower clouds give, as their resultant 
effect over the surface of the earth, on the 
whole a transference of positive or of negative 
electricity from the atmosphere to the earth ; 
and in the latter case, whether this excess of 
negative charge is sufficient to compensate 
approximately for the positive charge carried 
down by the air-earth current in the regions 
of fine weather. 

§ (3) The Electric ah Conditions within 
a Thunder-cloud. — The magnitude of the 
electric force near a thunder-cloud or within it 
must, in order that it may cause a lightning 
flash, reach values which approach 30,000 volts 
per cm. This is very large compared with 
the highest potential gradients observed near 
the ground ; the diminution in the electric 
force near the surface of the earth may be 
due to the lines of force either diverging with 
increasing distance from the charged portion 
of the cloud from which they start or ending 
before they reach the ground. 

A thunder-cloud may be regarded as an 
electric machine by the action of which a 
vertical separation of positive and negative 
electricity is produced. It is thus essentially 
bipolar, equal and opposite charges being 
separated in the upper and lower parts of the 
cloud in a' given time. The charges of the 
two poles of the cloud are, however, not likely 
to remain equal, on account of differences in 
their rates of dissipation. 

We may form some estimate of a lower 
limit to the magnitude of the charges which 
may accumulate in thunder-clouds by assuming 
that it is not less than the average quantity dis- 
charged in a lightning flash— about 20 coulom bs. 

The potentials within the charged portions 
of thunder-clouds probably reach magnitudes 
of the order of 10° volts. 

An estimate of the rate of separation of the 
charges in a thunder -cloud, i.e. of the vertical 
current through the cloud, may he derived 
from the rate at which the electric field 
destroyed by a lightning flash is regenerated. 
This method gi ves a few amperes as the prob- 
able order of magnitude of the vertical current 
through a thunder-cloud. 

The positive or negative charge carried 
within the cloud from the lower to the upper 
polo may recombine with that of the lower 
pole by direct discharge through the cloud. 
It may, on the other hand, pass to earth by 
lightning discharge or otherwise and thence 
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to the lower pole. But it is possible that an 
important part of the current from the upper 
pole of the cloud may go to the conducting 
layers of the upper atmosphere, which form 
with the earth a condenser of considerable 
capacity. The potential of the upper atmo- 
sphere above regions of fine weather is, as we 
have seen, only of the order of 1 million volts, 
a value which is small in comparison with the 
E.M.F. of a thunder-cloud, which is probably 
1000 times as great. 

§ (4) Effects of Thunder-storms ok the 
Electrical Condition of the Upper Atmo- 
sphere. — The conductivity of the air between 
a thunder-cloud and the upper atmosphere 
is largely due to ions dragged out of the con- 
ducting layers by the action of the electric 
field of the cloud. This conductivity will 
be greater if the cloud is of positive polarity 
(i.e. having its upper pole positive), since the 
negative ions which will under these conditions 
be dragged out of the conducting layer have 
much greater mobility than the positive ions 
which would he dragged out by a cloud of 
negative polarity. Unless, therefore, clouds 
of negative polarity greatly exceed in number 
those of positive polarity, an excess of positive 
electricity is likely to be transferred from the 
earth to the upper atmosphere by the action 
of thunder-clouds. It is possible that it is in 
this way that the positive potential of the 
upper atmosphere and hence the normal 
positive potential gradient of fine weather are 
maintained. 

The frequency of thunder-storms varies 
greatly over the surface of the earth. It 
is not easy to form an estimate of their 
total average frequency for the whole earth, 
but it is probable that the average number 
of thunder-clouds in action at a given time 
exceeds 1000. The effects of thunder-storms 
and showers on the electrical condition of the 
upper atmosphere may thus be considerable, 
and may have to be taken into account not 
only in considering the atmospheric electricity 
of fine weather, but also in connection with 
terrestrial magnetism and auroras. 

§ (5) Mechanism of Thunder- clouds. — 
The mechanism by which the separation 
of the positive and negative charges in a 
thunder-cloud is effected has been a matter 
of much controversy. There is within a 
thunder-cloud an upward rush of air, and it is 
generally agreed that the electric field within 
the cloud is produced by the large drops or 
hailstones and the smaller particles of the cloud 
acquiring charges of opposite sign, the charge 
associated with the cloud particles being 
carried up by the air stream, while the large 
drops carrying the charge of opposite sign fall 
rapidly relatively to the air. As to how the 
original partition of the positive and negative 
electricity between the large and small drops 


is effected there has not been the same agree- 
ment ; the principal theories are discussed 
briefly in Part IX. 

II. Measurement of the Atmospheric 
Electric Field 

§ (6) Methods of measuring the Field. — 
The sign and magnitude of the vertical electric 
force at the earth’s surface do not appear to 
have ever been determined directly in terms of 
the force exerted on a body which carries a 
known charge of electricity ; the method is by 
no means an impossible one, especially for the 
study of very rapid variations in the electric 
field. 

(i.) By Measurement of the Charge on an 
Barth-connected Condticior . — A method which is 
easier in practice is that in which the sign and 
magnitude of the charge on a level portion of 
the ground is observed. The quantity to be 
measured is small in fine weather — of the order 
of 3 e.s.u. (electrostatic units of electricity) 
per sq 0 metre ; the method is more particularly 
applicable in the study of the intense and rapid ly 
varying fields of thunder-storms. We may in- 
crease the quantity to be measured by deter- 
mining, instead of the charge on a plane at the 
level of the earth’s surface, that on an earth- 
connected conductor of simple form which 
projects above the general surface of the 
ground. A copper sphere placed at a height 
of some metres above the ground is convenient 
for the purpose. The measurement may in 
this case be equally well regarded as a deter- 
mination of the atmospheric potential at the 
height of the centre of the sphere. 

The charge induced on an earth-connected 
sphere, exposed in the free atmosphere, with 
its centre at a point p, must be such as to 
bring the potential of the sphere to zero ; i.e . 
Q, the charge on the sphere, must be such that 
Q/r +V = 0, where r is the radius of the 
sphere, and V is the potential at p due to 
charges other than that on the sphere. The 
potential V differs from the undisturbed 
atmospheric potential at the point p by an 
amount which depends on the charges on the 
supports of the sphere and on the charges 
induced on the ground by those of the sphere 
and its supports. If the sphere is exposed at 
a height which is large compared with its 
radius, and if it is supported in a suitable way, 
the difference between V and the undisturbed 
atmospheric potential at p is small, and the 
correction to be applied on this account may 
be estimated. 

The charge induced on the earth-connected 
conductor, whether this be a t£ test plate ” 
level with the surface of the ground or a 
projecting conductor such as the elevated 
sphere, may be measured by momentarily 
earthing the conductor while it is exposed. 
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at once shielding it from the earth’s electric 
field (by bringing over it an earthed cover or 
lowering it into an earthed conducting case), 
and observing the reading of an electrometer 
to which the conductor is connected. If the 
capacity C x of the whole conducting system 
(in the shielded condition) is known, the 
induced charge on the exposed conductor is 
at once obtained from the potential v ± to 
which the system is raised on shielding ; since 
v 1 Q,/C v 

Measurements of the charge on a conductor, 
momentarily connected to earth while raised 
to a known height in the atmosphere and then 
withdrawn into a closed conducting chamber, 
were first made by Peltier (1), who appears also 
to have been the earliest worker on the subject 
to realise clearly that measurements of the 
“ electricity of the atmosphere ” were really 
measurements of the vertical electric field. 

The test plate, sphere, or other conductor 
may equally well be earthed while in the 
shielded condition, the electrometer being in 
this case read immediately after the earth 
connection has been broken and the conductor 
has been exposed to the earth’s electric field (2), 
(3), (4). In this case the potential indicated by 
the electrometer is v. 2 = - Q/C 2 , where C 2 is the 
capacity of the whole system when the con- 
ductor is in the exposed condition, and Q is 
the charge which would have to bo given to 
the conducting system to bring its potential 
to zero, i.e. it is the charge which would be 
induced by the electric field on the exposed 
conductor if earth-connected. 

It is in some ways advantageous to use the 
electrometer as a null instrument and to bring 
the potential back to zero, after the process 
of shielding or exposing the test conductor, 
by giving to the conducting system the 
necessary charge ; this may be supplied and 
measured by some form of compensator. 
This charge is obviously equal in magnitude 
to the charge on the exposed earth-connected 
test conductor and of the same or opposite 
sign according as it is the effect of exposing or 
of shielding which is being neutralised (5), (6). 

The compensator may conveniently consist 
of a condenser of variable capacity, of which 
one of the terminals is connected to the 
conducting system, while the other is connected 
to a source of constant potential. A suitable 
type of capillary electrometer forms a com- 
pensator of this kind which is automatic in 
its action ; if one terminal be earthed while 
the other is connected to a conducting system, 
the potential of the latter is always automatic- 
ally brought to zero by displacement of the 
mercury - sulphuric - acid surfaces, and the 
amount of this displacement is proportional to 
the charge given to or removed from the 
conducting system. When so placed the 
capillary electromotor simply serves to measure 


the quantity of electricity which flows along 
the wire connecting the test conductor with 
the earth (7), (8). 

If the test conductor be kept exposed, any 
changes in the electric field are accompanied by 
corresponding changes in the charge on the 
exposed conductor. The rapidity of the 
changes which can be followed depends on the 
nature of the electrometer. With a capillary 
electrometer or with one of the gold leaf or 
silvered quartz fibre type, extremely rapid 
changes, such as are produced in the field by 
lightning discharges, may bo recorded. The 
conductivity of the air introduces a difficulty 
in the interpretation of the x'esults obtained 
when the conductor is kept exposed, for even 
if the electric field remains constant there will 
be a gradual change in the reading of the 
electrometer owing' to the flow of electricity 
from the air into the exposed conductor. This 
may at once be distinguished from a gradual 
change in the electric field, since the effect 
remains even when the field is cut off by 
shiel din g the test conductor. If the potential 
is maintained approximately at zero by a 
compensator of any form or by having a large 
capacity attached to the system, then it is 
only necessary to shield periodically the 
exposed conductor in order that both the 
charge on tlio exposed earthed conductor and 
the current flowing through it may be separ- 
ately measured. 

(ii.) By measuring the Charge and Potential 
of an Exposed Conductor . — The method of 
determining the potential at a given height in 
the atmosphere by measuring the charge on an 
earth-connected sphere with its centre at that 
height is a particular case of a more general 
one. If a sphere be exposed in the atmosphere 
with its centre at a point at which the undis- 
turbed potential is V, then, if the sphere is 
small compared with its height above the 
ground, V + Q , jr = v, where Q is the charge on 
the sphere, and v its potential. This holds 
also for a small conductor of other than the 
spherical form if c, its capacity, be substituted 
for r. If both Q and v can bo measured we 
can deduce V ; there are two simple cases — 
one, already considered, in which » = 0 and 
therefore V= - Q./r, and a second, in which 
Q = 0 and thus V = v. 

An uncharged sphere suspended in the 
atmosphere is at a potential equal to that of 
the air at the level of its centre, and the same 
is true of any conductor of which the vertical 
dimensions are small compared with its height 
above the ground. To measure the potential 
of the conductor it is necessary to connect it 
to one terminal of an electrometer of which 
the other terminal is earthed. If the electro- 
meter and connecting wires could bo made of 
capacity negligible in comparison with that of 
the exposed conductor we should have an 
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extremely simple method of measuring the 
potential at a given height. One of the very 
earliest methods of measurement employed 
in the study of atmospheric electricity — that 
of Beccaria (9), "who used a long wire stretched 
between insulators as his conductor — probably 
gives an approximation to the required 
conditions. A long wire stretched horizontally 
at a height of a few metres over level ground 
and connected at one end to an electrometer 
of negligible capacity will, even if initially 
charged — as, for example, by momentarily 
earthing it — lose its charge ( i.e . come to the 
potential of the air at its own level) in the 
course of a few minutes as a consequence of 
atmospheric ionisation. Provided the insula- 
tion of the supports is perfect and the capacity 
of the electrometer is negligible, there is 
nothing tending to give the wire a charge, 
and the electrometer, if rapid enough in its 
movements, will always indicate the potential 
of the air at the level of the wire, however 
rapid may be the changes in the electric field. 
It is impossible to secure perfect insulation 
of the supports, and the magnitude of the 
potential indicated by the electrometer will 
thus fall short of the true potential in the 
atmosphere at the level of the wire ; sudden 
changes of potential will, however, be correctly 
recorded even with comparatively poor in- 
sulation. On account of imperfect insulation 
of the supports and of the too great capacity 
of the electrometer some equaliser of potential 
or “ collector of atmospheric electricity ” will 
generally have to be attached to the wire if it 
is to remain at the potential of the surround- 
ing air. 

(iii.) By Means of a Collector . — The method 
which has been most extensively used in 
measuring the electrical field consists in 
keeping a certain portion of a conducting 
system free from charge — i.e. at the same 
potential as the air near it — by means of an 
equaliser of potential or collector. The whole 
conducting system is thus brought to the 
potential of the air next the collector. For 
absolute measurements care has to be taken 
to arrange the collector and the conductor 
which carries it so that the potential in the 
air near the collector is disturbed as little as 
possible by their presence ; for comparative 
measurements of the variations of potential 
at a given point this condition need not be 
fulfilled. 

Lord Kelvin’s water dropper is the form of 
collector which has been most used at con- 
tinuously recording stations. A jet of water 
which escapes from a pipe projecting through 
the wall of a building, and which is supplied 
from an insulated cistern within the building, 
breaks up into drops at the point at which it 
is desired to measure the potential. The j 
insulated cistern and pipe are connected to I 


the needle of a quadrant electrometer, of which 
the quadrants are maintained at equal and 
opposite potentials by connecting them to 
the terminals of a series of cells of which the 
middle point is earthed. So long as the 
potential of the insulated system differs from 
that of the air near the point where the jet 
breaks up, the drops carry away a charge 
proportional to this difference ; if the insula- 
tion is perfect the potential of the whole 
conducting system will finally become equal 
to that of the air at the point where the jet 
breaks up. 

The potential of the insulated system is 
being raised by the action of the jet at a 
rate proportional to the radius of the drops 
and the number breaking away per second 
and to the difference of potential between the 
jet and the surrounding air ; at the same time 
it is being lowered, mainly by leakage over 
the insulators, at a rate proportional to the 
potential which it has acquired. The resulting 
rate of change of potential is given by the 
relation Cdv/dt = a(V - v) - bv, where 0 is the 
capacity of the insulated system, a a constant 
representing the current carried by the drops 
of the jet for unit difference of potential 
between it and the surrounding air, and b the 
leakage when the potential of the system is 
unity. A steady state is reached when 
dvjdt = 0, i.e. when v = Vaj(a + b). It is neces- 
sary that a should be very large compared with 
b if the method is to be accurate ; if V remains 
constant v will then finally approximate 
closely to V. 

Let us suppose now that V does not remain 
constant, but that there is a sudden change 
in the potential gradient such that V changes 
suddenly from V 1 to V 2 . There will bo a 
simultaneous sudden change in v — the same 
as would have occurred if the collector had 
been inoperative and therefore less than 
Vo -V! in a ratio which depends on that of 
the capacity of the exposed part of the con- 
ducting system to the capacity of the whole 
system. This sudden change in v will bo 
followed by a comparatively slow change of 
which the rate (if the leakage coefficient b is 
negligible) is given by dvjdt = (V 2 - v)a/C ; in 
most cases a is such that a considerable 
fraction of a minute will be required for v 
to become sensibly equal to V 2 . Except in 
the two limiting cases, (1) when — as with the 
long horizontal wire considered above — the 
capacity of the portion of the conducting 
system which is exposed in air at the same 
potential as that near the collector is very 
large compared with the whole capacity, and 
(2) when that ratio is very small, the* inter- 
pretation of the readings of the electrometer 
during very rapid variations in the field may 
be difficult. The comparatively long period 
of the quadrant electrometer generally used 
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in recording installations will, moreover, of 
itself prevent very rapid changes in the electric 
field from being followed. 

There are many other equalisers of potential 
or collectors which have been used besides the 
water dropper — the flame of a lamp or candle, 
introduced long ago by Volta, the glowing 
match or fuse, sprayers (in which the 
efficiency of the water dropper is increased 
by dividing the water into very fine drops), 
and radio-active collectors. Their compara- 
tive efficiency and the conditions which 
must be observed to avoid error in their use 
have been investigated by Moulin (10). 

Continuously recording instruments are al- 
most necessarily contained in a building, 
and the water jet or other collector is then 
generally placed to give the potential in the 
atmosphere within a few feet of the walls of 
the building. The ©quipotential surfaces 
are deformed by the building, which for most 
purposes may be regarded as a conductor ; 
the situation of the collector is generally such 
that it gives the potential at a point in an 
©quipotential surface which is more nearly 
vertical than horizontal. To deduce the 
values of the potential gradient corresponding 
to observed values of the potential at this 
point, we have to do something which is 
equivalent to identifying at a distance from 
the building, and over a free surface of level 
ground, the equipotential surface which 
passes through the effective part of the 
collector. This is most conveniently done by 
making a series of absolute measurements 
of the potential gradient in the nearest con- 
venient open space while the recording 
apparatus is at work. A factor is thus 
obtained by which the recorded values of the 
potential have to be multiplied to give the 
potential gradient in the open. 

Absolute measurements have generally been 
made by means of a flame, fuse, or radio- 
active collector, connected to some portable 
type of electrometer. To avoid distortion 
of the equipotential surfaces, in the neighbour- 
hood of the point where the potential is de- 
termined, by the observer and his apparatus, 
the collector should bo fixed in the middle of 
a horizontally stretched wire or at the end of a 
horizontal conducting rod, the wire or rod 
being considerably longer than its height 
above the ground (II), (12). 

While the method of measuring the electric 
field by determining the potential at a point 
in the air by means of a collector is very 
convenient, especially in the case of con- 
tinuously recording apparatus, the methods 
which depend on measuring the charge on an 
exposed conductor have undoubted advantages. 
The rapidity of the changes In the electric 
field which can be followed with such apparatus 
is limited only by the speed of action of the 


electrometer ; the insulation difficulties are 
enormously reduced, since the potential of the 
whole conducting system employed may be 
kept as low as we wish, and the apparatus 
used in this method may be made at the same 
time to serve for the measurement of the air- 
earth current. 

§ (7) Measurements at a Height in the 
Atmosphere. — Special difficulties attend the 
measurement of the electric field in the free 
atmosphere at a height ; such measurements 
have hitherto been carried out by observers 
in balloons. We may illustrate the principles 
involved in measurements of this kind by 
considering a spherical conductor suspended 
freely in the atmosphere. If the total charge 
on the sphere is zero its potential is equal 
to the undisturbed air potential at the level 
of its centre ; its upper and lower halves 
carry equal and opposite induced charges pro- 
portional to the vertical electric force, which 
produce equal and opposite effects on the 
potential at any point in the equatorial plane. 
The maximum value of the electric force at 
the highest and lowest points on the surface 
of the sphere is three times that of the un- 
disturbed electric field ; from the sign and 
surface density of the charges at those portions 
of the sphere we may determine the sign and 
magnitude of the vertical atmospheric electric 
field. If the total charge on the sphere is not 
zero, this will be indicated by an inequality of 
the charges of the upper and lower surfaces, 
and the magnitude of the whole resultant 
charge may easily be deduced and allowed for 
in calculating the magnitude of the undis- 
turbed electric field. Instead of the surface 
density of the charge (or, what is equivalent, 
the electric force close to the surface of the 
sphere), the electric force at some distance 
may be measured. The electric force at any 
point is the resultant of the undisturbed 
atmospheric field, of that due to the induced 
charges on the two halves of the sphere, and 
of the field due to any total charge which the 
sphere may carry. The two latter components 
fall off with the distance according to the 
inverse cube and inverse square law respect- 
ively ; a series of measurements of the 
electric force at different d istances, more 
conveniently vertically below the sphere, will 
enable those three components to be separately 
determined. If those distances are large 
compared with the radius, the two last 
components are small, and the observed 
magnitude of the vertical electric force may 
be readily corrected for them, even if the 
conductor deviates considerably from the 
spherical form. 

In actual measurements a balloon takes the 
place of the spherical conductor, and the 
vortical electric force is deduced from observa- 
tions of the difference of potential of two 
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collectors suspended at different distances 
below the balloon. 

The distortion of the equipotential surfaces 
by balloons, airships, and aeroplanes under 
different conditions has been investigated by 
means of experiments with models (13). 

If a sphere at a considerable height is con- 
nected to earth, the total charge upon it will 
be large compared with the charges which 
the field would induce on the upper and lower 
halves of the sphere if its total charge were 
zero ; the resulting charge on the sphere will 
thus be everywhere of one sign, but the maxi- 
mum density will be greater above than below. 
The whole charge Q will be such that 
Q/r+V = 0, where Y is the undisturbed air 
potential at the height of the centre of the 
sphere. The same general methods as in 
the previous case will apply, but it would 
generally be easier, on account of the large 
value of Q, to measure Q (and thus V) rather 
than the vertical force dV/dk. A source of 
uncertainty in the practice of this method 
(with a captive balloon) is the cable, which, 
in addition to its direct disturbing effect on 
the electric field, may introduce, by brush 
discharges from its surface, charges of unknown 
amount into the immediate neighbourhood of 
the region in which the measurements are 
made. 

Still greater difficulties are introduced if it 
is attempted to insulate the cable of a balloon 
or kite and bring the whole system to the air 
potential at the level of the upper end of this 
conducting system ; even in fine weather the 
potentials to be measured are inconveniently 
high. Observations by this method have been 
carried out at GIossop (14). Measurements 
have also been made of the current down bhe 
earthed wire or cable of the kite or balloon ; 
but it is difficult to utilise such measurements 
for the quantitative study of the atmospheric 
electric field. The magnitude of the current 
observed is largely a measure of the rate at 
which the charge supplied by the cable to the 
air surrounding its upper portion — by point 
or brush discharge or by “ collectors ” — is 
removed by the wind. 

III. The Electric Field in Fine Weather 1 

§ (8) Mean Value of the Potential 
Gradient at different Places. — Our 
knowledge of the distribution of the electric 
charge (i.e. of the potential gradient near 
the ground) over the surface of the globe is 
very incomplete. Not only are observations 
on atmospheric electricity completely lacking 
over very large areas, but, even in regions 
where data have for long been accumulated 

1 For a fuller account see Chree’s article on" u Atmo- 
spheric Electricity ” in the Encyclopaedia Britannica , 

1910 . 


at many observatories, the apparatus has been 
suitable rather for comparative measurements, 
giving the relative magnitude of the electric 
field at different times, than for obtaining 
its absolute magnitude. The determination 
of the “ reduction factor ” required in order 
that we may deduce the true value of the 
potential gradient in the open is in most cases 
somewhat uncertain. In recent years very 
important additions to our knowledge have 
been made by the various expeditions to the 
Antarctic, and by the investigations of the 
Carnegie Institute of Washington on the 
electric condition of the atmosphere over the 
oceans. 

The potential gradient in fine weather at all 
parts of the earth’s surface for which data are 
available is almost invariably positive. The 
mean value of the potential gradient is of the 
order of 100 volts per metre at all places at 
which the necessary observations have been 
made. 

So far as data are available, they suggest 
that the mean potential gradient is higher 
in middle latitudes than in either the 
equatorial or the polar regions ; the uncer- 
tainty regarding the accuracy of the absolute 
values must, however, be borne in mind. 

The potential gradient over the ocean is not 
markedly different from that over land areas. 

Measurements of the vertical electric field 
at a height by means of balloon observations 
were first successfully carried out by Le 
Cadet (15). The results of these observations, 
which proved that the potential gradient 
diminishes with height, have been confirmed 
and extended by later work (16), (17). The 
potential gradient is already reduced to about 
xijf of that at the ground at heights con- 
siderably less than 10 km. 

§ (9) Variations of the Potential Gradi- 
ent. — Observations made at fixed stations 
have furnished a large amount of material 
for the study of the variations of the poten- 
tial gradient with time ; it is, however, only 
for very limited portions of the earth’s sur- 
face that we have such data. 

Superimposed upon irregular changes, which 
are probably mainly associated with local 
meteorological conditions, the records from 
nearly all observatories show well-marked 
annual and daily variations. These periodic 
variations become conspicuous when curves 
are drawn showing the mean values of the 
potential recorded for different months of 
the year or hours of the day ; the curves 
become smoother the longer the period over 
which regular observations have been con- 
tinued. In obtaining these curves certain 
days are excluded as being abnormal, and the 
form of the curves depends to some extent 
on the criterion adopted as to what constitutes 
an undisturbed day. 
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(i.) Annual Variations . — ■ As regards the 
annual variation, European observations all 
agree in showing a maximum in midwinter 
and a minimum in midsummer, the mean 
potential gradient at the winter maximum 
being two or three times as high as at the 
summer minimum- Such evidence as is avail- 
able goes to show that the annual variation 
is of the same character, with a maximum in 
midwinter and a minimum in midsummer 
throughout middle latitudes in both hemi- 
spheres, i.e. everywhere outside the tropics 
and the polar regions. The records of 
potential obtained at Helwan (Egypt) are 
exceptional, showing a maximum in mid- 
summer and a minimum in midwinter. The 
data for mean latitudes in the southern hemi- 
sphere are . few, but observations made by 
Berndt (18) at Buenos Aires show an annual 
variation like that of similar latitudes in the 
northern hemisphere, the maximum potential 
gradient being for the month of July (winter) 
and the minimum for February (summer) — 
163 and 67 volts per metre respectively. 

It is obvious that the annual variation in 
the tropical regions lying between these two 
zones of opposite phase must be of a different 
character. It is doubtful if reliable data from 
which the annual variation in this region can 
be deduced have thus far been obtained. 

Much more is known concerning the atmo- 
spheric electricity of the south polar than of 
the north polar regions. The various Antarctic 
expeditions of recent years have all led to 
similar conclusions as regards the annual 
variation of the potential gradient. There 
is a maximum in summer (December) and a 
minimum in winter (June) ; i.e. the maxima 
and minima coincide in time with those of 
Europe, not with those of middle latitudes in 
the southern hemisphere (19), (20), (21), (22). 

There is no direct evidence for a similar 
reversal of the phase of the annual variation 
in the northern hemisphere as we approach 
the pole from temperate latitudes. At 
Karasjok (23) (69° 17' N., 25° 35' E.) the 
annual maxima and minima are still in winter 
and summer respectively, as in lower latitudes. 
It is, however, quite possible that the annual 
variation may be reversed nearer the pole. 

(ii. ) Daily Variations . — The daily variation 
is of a less simple and constant character 
than the annual variation. In the simplest 
type there is a minimum in the early morning 
(4 h.-6 h.) and a maximum in the late afternoon, 
the maximum value being about twice the mini- 
mum. This is the winter (24) typo in northern 
Europe. At Upsala (25), for example, in winter 
the potential gradient is a minimum at 4 h. 
(mean = 57 volts per metre), rising gradually 
to a maximum at 19 h. (moan = 131 volts per 
metre), and again falling continuously till the 
early morning minimum is readied. In summer, 


while the early morning minimum is still the 
principal one (about 33 volts per metre between 
3 h. and 4 h.), there is a second minimum at 
14 h., when the potential gradient only slightly 
exceeds that of the early morning minimum ; 
there are two almost equal maxima of about 70 
volts per metre on either side of the afternoon 
minimum (at 8 h. and 20 h.). 

At Kew (12) the afternoon minimum is quite 
marked even in midwinter'* and at midsummer 
the afternoon minimum is the principal one. 



Fig. 1. — Diurnal Inequalities at Kew, 1898-1012 
(Chreo). 

This is at most places the normal course of the 
daily variation in the summer months ; there 
being thus two maxima and two minima in 
the course of the 24 hours, the early morning 
minimum being generally the loss marked of 
the two. At Simla (26) in the month of October 
the curve of daily variation is of the simple 
typo without any afternoon minimum ; in 
June this minimum is so marked that the 
potential gradient becomes regularly negative 
for an hour or two every afternoon. The very 
low or negative values are associated with 
great dustiness of the air. 
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On the Eiffel Tower and at mountain observa- 
tories the curve of daily variation, even in 
summer, is of the simple or winter type, with 
a single minimum, that of the early morning, 
and a single maximum, that of the late after- 
noon, This has led to the winter type of daily 
variation being generally regarded as the more 
fundamental ; since the afternoon minimum, 
even in summer, does not apparently extend for 
more than a few hundred metres above the 
ground, it is looked upon as a secondary effect, 
due probably to atmospheric convection. On 
the other hand, recent observations show that 
the afternoon minimum is quite a conspicuous 
feature in the records of observations over the 
ocean. 

In high latitudes the diurnal variation is 
of the simple type with one maximum and 
one minimum. This is well shown in the 
results obtained by recent Antarctic expedi- 
tions. While, however, the observations of the 
Charcot expedition (22) at Petermann Island 
(65° 10 / S., 66° 34' W.) showed a minimum 
between 2 h. and 6 h. and a maximum at 15 h., 
both the earlier observations made by Ber- 
nacchi (19) and the much more complete results 
obtained by Simpson (20), in McMurdo Sound, 
agree in showing a maximum in the early 
morning hours and a minimum in the latter 
part of the day. Simpson’s observations at 
Cape Evans (77*5° S., 166-5° E.) show a 
maximum, 104 volts per metre, at 7 h. to 8 h., 
a minimum of 67 volts per metre at 14 h. to 
15 h. He remarks that the daily variation 
of potential gradient at McMurdo Sound is not 
only different from that in other parts of the 
world, but from that in other parts of the 
Antarctic. He points out that the geographical 
position of McMurdo Sound is unique among 
those at which observations in atmospheric 
electricity have been made in lying between 
the geographical and magnetic poles. 

(iii,) Non-periodic Variations . — Even in calm 
weather and with a clear atmosphere there 
are minor fluctuations in the records of poten- 
tial gradient superimposed upon the regular 
periodic variations. Clouds other than rain 
clouds do not as a rule produce changes which 
are large compared with the normal potential 
gradient. Within a fog, however, the potential 
gradient generally rises to several times its 
normal value. 

Clouds of dust raised by the wind may 
produce large changes in the potential gradient, 
the sign of the effect depending on the nature 
of the dust. Drifting snow at low temperature 
— as has been found in all the recent Antarctic 
expeditions — has ver\^ large effects, generally 
giving very high positive potentials. According 
to Simpson, the effects of drifting snow may be 
explained by supposing that when ice crystals 
strike one another in air the air becomes 
Positively charged, the ice negatively. 


IV. Atmospheric Ionisation and the Air- 
earth Current 

§ (10) The Air-earth Current. — It was 
shown by Linss (27), in a very important paper 
published in 1887, that a charged conductor, 
exposed in the atmosphere under normal 
conditions, loses a considerable fraction of its 
charge in the course of a few minutes by 
conduction through the air. It was later (28) 
proved that this conducting power of the air 
is due to the presence of free positive and 
negative ions which move under the action 
of the electric field. The normal vertical 
electric field must, in virtue of the conducting 
power which the presence of the ions confers 
on the air, cause a vertical electric current from 
the atmosphere into the ground. The question 
of the magnitude of this current per sq. cm. 
of the ground is of great importance in atmo- 
spheric electricity ; we may investigate it in more 
than one way. We may attempt to measure 
the current directly (29), (5), (6), (30), or 
we may deduce its magnitude from the results 
of simultaneous measurements of the potential 
gradient and of the conductivity of the air (39) ; 
we may again measure separately the factors 
upon which the conductivity depends, i.e. the 
number and mobility of the ions in the air ; 
and finally we may study the sources of 
atmospheric ionisation and the processes by 
which the ions are put out of action by 
recombination with one another or by becoming 
attached to larger suspended particles. 

The vertical conduction current consists of 
two portions, that carried by the positive 
ions streaming downwards and that carried by 
the negative ions moving upwards under 
the action of the vertical electric force. If 
F be the vertical electric force, e the ionic 
charge, k ly k 2 the mobilities of positive and 
negative ions, and n v n 2 the numbers of 
positive and negative ions per c.c., then the 
vertical conduction current per unit area is 
y = Fe(^ x % + k 2 n 2 ) = F(A + + A_), where A + , A~ are 
the portions of the conductivity due to posi- 
tive and negative ions respectively. The usual 
method of determining the vertical current 
is to measure A + and A_ at a convenient height, 
one or two metres above the ground, F 
being obtained from measurements of the 
potential at a known height. 

If we expose an insulated conducting plate 
with its upper surface as nearly as possible at 
the level of the surrounding ground, and keep 
it at zero potential, a current will flow into the 
plate from the atmosphere under the influence 
of the vertical electric force. The vertical 
current in this case (unless the plate itself 
emits negative ions) is entirely due to posi- 
tive ions moving to the plate, and we have 
7 = Fe/c 1 'R 1 = FA + instead of F(A+ + A.) as in the 
former ease. 
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W© cannot assume that F and X + are the 
same at ground level as at a height of one 
metre. In the case of still air exposed to 
ionising radiation between parallel plates the 
electric force is greater near the surface of the 
plates than midway between them, while the 
conduction current is everywhere the same 
(31), (32). In the atmosphere, however, the 
effects of the mixing of the air by eddies and 
convection currents cannot be left out of 
account (33), (34). The stirring up of the air 
gives rise to electric convection currents, and 
the total vertical electric current includes this 
convection current as well as the conduction 
current. 

Let us assume that there is not a suj)ply of 
negative ions from the ground, and that the 
current which traverses the surface of the 
ground consists only of the conduction current 
carried by positive ions. Such evidence as 
is available appears to show that the difference 
in the vertical electric force at ground level 
and at a height of one metre is generally 
very small ; i.e. the electric charge in the 
lowest metre of the air is only a very small 
fraction of the whole positive charge of the 
atmosphere (12), (35), (36). Let us further 
assume that as a consequence of eddies or con- 
vection currents there is sufficient mixing of 
the air to make \_f_ approximately the same 
near the ground as at a height of one metre. 
Wore it not for air currents a positively charged 
layer would be formed next the ground as a 
result of the upward flow of negative ions 
under the action of the field, the layer deprived 
of negative ions increasing in thickness at the 
rate Ffc 2 and acquiring per second a charge 
* this is equal to the negative 
conduction current or to the excess of the 
total vertical conduction current in the air 
over that entering the ground. If there is 
continual mixing of the air by eddy currents, 
this positive charge, instead of accumulating 
near the ground, will be carried up and form 
an upward convection current of positive 
electricity sufficient to neutralise exactly the 
conduction current of negative electricity 
carried by the upward-moving negative ions. 
Throughout the region in which mixing is 
going on, air which is rising from the lower 
layers will carry a larger excess of positive 
electricity than descending air. 

If the above conditions are satisfied ( i.e . if 
there is no escape of negative ions from the 
ground, and if there is sufficient mixing by 
eddies or convection currents to prevent any 
considerable difference in the condition of the 
air near the ground and at the height at which 
the conductivity is measured), then the true 
resultant vertical current is obtained by con- 
sidering the positive stream of ions only, and 
is equal to FA + ; the negative conduction 
current FX_ being exactly neutralised by a 


convection current which is carried by upward 
streams of positively charged air. According 
to this view, the resultant air-earth current 
when deduced from measurements of the 
potential gradient and conductivity is much 
more nearly given by FA + than by F(X + _4-X>.), 
except when the air near the ground is practi- 
cally stagnant. 

It has been assumed above that no con- 
vection current traverses the air-earth surface. 
According to Ebert’s well-known theory, air 
which diffuses out of the ground, or which 
escapes as a result of diminution of atmospheric 
pressure or increase of ground temperature, 
carries a positive charge sufficient on the 
average to counterbalance altogether the air- 
earth conduction current. The Ebert process, 
as well as any others which may cause a 
transference of charge between the ground 
and the lowest layer of the atmosphere, will 
constitute a convection current not necessarily 
included in a measurement made by the test 
plate method, unless the test plate be mad© 
in all essential respects identical with the 
surrounding ground. 

The determination of the true resultant air- 
earth current is obviously a matter of con- 
siderable difficulty. Further investigations on 
the subject are required. 

§ (II) Methods oi? measuring the Con- 
ductivity of thhi Air and Air-earth: Cur- 
rent. — In measuring the conductivity we allow 
a stream of air from the free atmosphere to pass 
over a charged conductor under such conditions 
that the ionisation of the air is not appreciably 
altered by the process. If the surface density 
of the charge on a portion of the conductor is 
cr, the electric force at the surface is 4tct, and 
the current through any small element ds of its 
surface is 47 rcr'Xds, where X is the specific con- 
ductivity due to ions of opposite sign to the 
charge on the conductor. The current through 
the whole surface of the condxictor exposed to 
the stream of air is 47r\f<rds = 47r\Q 1? where Q* 
is the whole charge on the exposed part of the 
conductor. The current is equal to the rate 
of loss of charge - dQ/dt ; we thus have 


47T A = 


i_ <i q 

Q, x dt ’ 


This gives the relation (37), (38) between the 
conductivity due to positive or to negative 
ions, and the dissipation factor for negative 
or for positive electricity, i.e. the fraction of 
the charge on an exposed conductor which is 
lost per second ; the dissipation factor m 
generally expressed in terms of the percentage 
of the exposed charge which is lost, per minute. 

( i ) Qenlien ’ s M eth ad ( 39 ) . — -Th o meas u re - 
monfcs of conductivity are generally made by 
({crdkvn’s method, in which the charged con- 
ductor is cylindrical and is surrounded by a 
wider coaxal cylinder kept at zero potential ; 



94 


ATMOSPHERIC ELECTRICITY 


a strong current of air is drawn between the 
cylinders from the atmosphere, and the 
potential of the inner cylinder is measured by 
means of an electrometer connected to it. 
The potential difference between the cylinders 
should be small and the air current rapid, so 
that only a negligible fraction of the total 
number of ions is removed during the passage 
of the air through the tube. The charge Q x 
on the portion of the conducting system which 
is exposed to the air stream is given by Q >1 — c x v, 
where is the capacity of the exposed part of 
the conductor and v its potential ; the current 
or rate of loss of charge - dQJdt = -o{dvjdt)„ 
where c is the capacity of the whole insulated 
system, so that we have 


(ii.) By a Test Plate or Sphere . — Direct 
measurements of the air-earth current may be 
made with the same apparatus as is used in 
measurements of the potential gradient by 
the test plate method described in § (6) (L). 
The total quantity of electricity which passes 
from the atmosphere to the test plate during 
a known time of exposure to the earth’s field 
is at once found from the readings of the 
measuring instrument before and after the 
exposure. The shielding of the test plate from 
the earth’s field may be made momentarily 
at regular intervals, and a record is then ob- 
tained of both the potential gradient and the 
air-earth current. The dissipation factor for 
negative electricity and the conductivity 
due to positive ions may be deduced from 
these. Similar observations with a sphere of 
other conductor raised to a convenient height 
in the atmosphere are more readily made ; 
they give directly the charge upon and current 
through an earthed conductor exposed to the 
earth’s field, and from them a dissipation 
factor and conductivity coefficient may be 
deduced. The values obtained for the co- 
efficients are found under normal conditions 
to be independent of the size and nature of the 
exposed conductor (5), (6). Further experiments 
are required to test whether they are identical 
with those holding at ground level at the same 
time. 

§ (12) The Number, and Mobility of the 
Ioxs.— The conductivity of the air depends, 
as we have seen, on two factors, the number of 
the ions and their mobility. The number of 
the ions of either sign in each c.c. of the air 
is obtained with apparatus which resembles 
that used by Gerdien in measuring the con- 
ductivities — but the potential difference 
between the cylinders has to be sufficiently large 
and the air stream sufficiently slow to ensure 
that all the ions of sign opposite to its own are 
caught by the central cylinder ; the volume 
of air which passes must also be measured. 


The charge gained by the insulated conducting 
system is then equal to the total charge carried 
by all the ions (positive or negative according 
as the inner cylinder is negatively or positively 
charged) in the air which has passed between 
the cylinders. By two measurements of this 
kind with the electric field between the 
cylinders in opposite directions in the two 
cases, we obtain E + = n+e and E . the 

free positive and negative charges per unit 
volume of the air, and hence and n^ 9 the 
number of positive and of negative ions per 
c.c. If measurements of the conductivities 
X+, are at the same time made, we can 
deduce the mobility of the ions ; for the 
conductivity is the product of the free charge 
and the mobility. 

The apparatus used is generally that of Ebert 
(40), who first made measurements of this 
kind. Some of the sources of error have been 
pointed out by Swann, who has introduced 
improved apparatus (4). 

The number of positive ions found by the 
Ebert apparatus generally exceeds that of the 
negative ions. The difference between the free 
charges E^^n^e and E_ =zne„ cannot, however, 
be taken as giving the resultant volume charge 
of the air. For, as Langevin (41) has shown, 
in addition to the ions of mobility about 1 cm. 
per second for 1 volt per cm., there are present 
other ions having a mobility amounting to 
about -s-oVcr part of this ; and the number of 
the “ large ” ions may greatly exceed that of 
the^ cc small ” ions. It is, however, almost 
entirely to the small ions that the conductivity 
of the air is duo, the great excess in their 
mobility much more than compensating for 
their smaller number. 

The large ions are formed by small ions 
becoming attached to uncharged nuclei or 
dust particles such as are made visible and 
counted by Aitken’s method of condensing 
water upon them. 

The conductivity of the air depends almost 
entirely upon the number and mobility of the 
small ions ; their loss of mobility when they 
become large ions is so great that they cease 
to contribute appreciably to the conductivity. 
The number of free ions depends upon the rate 
at which they are being produced and upon 
the^ rate at which they are put out of action™ — 
mainly by recombination or by conversion 
into large ions. If the atmosphere had been 
dust -free we might have deduced the rate 
of production of ions q (the number of either 
sign set free per c.c. per second) from their 
numbers, using the relation q — an+n„, where 
a is the recombination coefficient, which is 
known from laboratory measurements ; or 
even from the observed conductivities, since 
the ions would have known mobilities under 
given conditions of pressure, temperature, and 
humidity. The presence of dust particles in- 
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creases greatly the difficulties of such methods 
of determining q. It is also impossible to use 
a direct method of isolating a volume of 
atmospheric air, and determining the rate at 
which ions are produced within it, without by 
so doing altering that rate. Wo have to use 
less direct methods. 

§(13) Sources of Atmospheric Ionisa- 
tion - . — The production of ions in the free 
air is mainly or entirely due to ionising 
radiations of different types, a, ft, and 7 
rays from radio-active substances in the earth 
and in the atmosphere, and possibly also to 
extremely penetrating rays from the upper 
atmosphere or from extra-terrestrial sources. 
The nature and amount of the radio-active 
substances present in the surface layers of 
the earth or in the atmosphere may be deter- 
mined, and their several contributions to the 
production of ions in the atmosphere estimated. 

The radio-active material in the lower 
atmosphere consists of the nulio-aotlvo gases 
— the emanations of radium and thorium — 
which have diffused out of the ground, and of 
the disintegration products of those gases. 
Comparative estimates of the emanation con- 
tent of the air may lie made, as was first done 
by Elster and Coital (42), by measuring the 
radio-activity acquired by a wire which has 
been exposed in the atmosphere for a definite 
time while charged to a high negative potential. 
More exact methods are now in use. 

The radio-active substances in the air 
omit a, ft, and 7 radiations which all contribute 
to the ionisation of the air ; in addition there 
is ionisation due to the 7 rays emitted by the 
radio-active materials in the earth. According 
to Eve (43) the ionisation of the air duo to ail 
these radiations amounts over land areas to 


the ground and from radio-active substances 
suspended in the surrounding ai r ; but oven 
when the vessel is sufficiently screened to cut 
off all ordinary 7 rays there remains an ionisa- 
tion of about 4 pairs of ions per c.c. per 
second in air at atmospheric pressure enclosed 
in a sealed vessel of copper or zinc (46), ( 47 ), 
(48). Over the ocean the ionisation in such a 
vessel remains almost the same even when 
unscreened ( 11 ), (49), (4). This residual ionisa- 
tion which is not cut off by screening may 
be partly or wholly due to a radiation much 
more penetrating than ordinary 7 radiation ; 
the ionisation will in that case, as with ordinary 
7 rays, be a secondary effect due mainly to the 
production of ft rays in the walls of the vessel 
(50), so that the num ber of ions produced by the 
radiation in the free atmosphere may amount 
to a very small fraction of 4 ions per c.c. per 
second. 

Balloon observations have proved that the 
ionisation in a closed vessel, instead of diminish- 
ing with height, as it would if due to radiation 
from the earth (which would be almost com- 
pletely absorbed by the lowest kilometre of 
air), is as great at 1000 metres as at the ground ; 
at heights of a few kilometres it reaches values 
many times as great (51), (52), (53), (54). 
These observations appear to prove the existence 
of a penetrating radiation from the upper 
atmosphere. Swann attributes the ionisation 
of the air over the ocean entirely to this pene- 
trating radiation from above (49). 

§ (14) Results of Observations. — The 
table which follows is taken from the Report 
of the Results of Atmospheric Electric Observa- 
tions made aboard tho Galilee (1907-1908) 
and tho Carnegie (1909-1916), by L. A. Bauer 
and W. F. Q. Swann (4). 


Oomcaiuhon op Land and Gopak Values with tub Ocean Values of Cruise IV. 
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about 4-3 ions of either sign per e.e. per second. 
The radio-active content both of the air over 
large ocean areas and of sen- water itself has 
been found to bo almost negligible in com - 
parist >ti . 

There is always a continuous production of 
ions in air contained in a closed vessel (44), 
(45). Part of this is due to 7 radiation from 


(i. ) Land and flea Observation, 9 . --Tho differ- 
ence between tho land and ocean mean values 
of the various atmospheric electrical elements 
is small. The air over the ocean is compara- 
tively (lust-free, and the production of large 
ions by attachment, of small ions to uncharged 
nuclei is likely to be relatively small. Neglect- 
ing the effect of dust particles in putting tho 
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ions out of action, Bauer and Swann calculate 
q, the rate of production of ions over the 
ocean, from the relation q — an 2 , n being taken 
as about 800, and a as having the value 
obtained in laboratory measurements of the 
recombination constant. This gives for q 
the value 1-6, i.e. 1-6 pairs of ions must be 
produced per o.c. per second. On land there 
would have to be added about 4-5 per c.c. per 
second due to the known radio-active materials 
in the ground and atmosphere. But the 
numbers of free positive and negative ions 
found per c.c. of air over the land is no greater 
than over the sea ; this is probably due to the 
action of dust particles in capturing the ions. 

(ii.) Number of Free Ions , Mobility and 
Conductivity . — The number of free ions of 
either sign per c.c. is normally of the order 
of 500 (very rarely exceeding twice or falling 
below one half of this value), the positive 
nearly always exceeding the negative in 
number. 

The mobilities (deduced from the con- 
ductivities of the air for positive and for 
negative ions and the number of ions of 
each sign per c.c.) generally fall somewhat 
short of the values obtained in the laboratory ; 
they generally only slightly exceed 1 cm. per 
second for 1 volt per cm. 

The conductivities A + , A_ are of the order 
of 10~ 4 e.s.u. ; the conductivity due to 
positive ions nearly always exceeds that due 
to negative ions, the greater number of 
positive ions more than compensating for their 
smaller mobility. 

The variations in the conductivity of the air 
are generally in the opposite direction to those 
of the electric field. Thus the air-earth 
conduction current, which depends on their 
product, varies less than either of its factors. 
The conductivity of the air is, for example, 
in Europe less in winter than in summer, while 
the potential gradient is greater in winter. 
In the Antarctic, where the potential gradient 
has its maximum in summer and its minimum 
in winter, the annual variation in the con- 
ductivity is, according to Rouch, very marked, 
and absolutely the inverse of that of the 
corresponding electric field (21). 

The conductivity of the air depends largely 
upon the clearness of the air, i.e. its freedom 
from dust particles to which the ions can 
attach themselves. 

The average air-earth conduction current of 
fine weather is of the order of 6 x 10" 7 e.s.u. or 
2 x 10" 16 amp. per sq. cm. 

(hi.) Balloon Observations . — These observa- 
tions have shown a very great increase in 
the conductivity of the air with increasing 
height. The increase is due partly to its 
greater freedom from dust and its smaller 
density and consequent greater mobility and 
smaller rate of recombination of the ions, but 


partly also to an increased rate of production 
of ions at a height (39), (55). The diminution 
of potential gradient with height is in all 
probability just sufficient to compensate for 
the greater conductivity, so that the vertical 
electric current is the same at a height of 
several kilometres as near the ground. 

V. Problem of the Origin* and Maintenance 
of the Electric Field of Fine Weather 

§ (15) The Origin of the Field. — In the 
absence of compensating processes the electric 
field of fine weather would very quickly be 
destroyed by the air-earth conduction current. 
The fact that the electric field persists proves 
that such compensating processes exist and 
that on the whole the electric field is being 
regenerated as fast as it is destroyed. 

Unless we assume an actual creation of 
negative electricity or destruction of positive 
electricity within the earth (56), the total air- 
earth current over the whole surface of the 
earth must on the average be zero ; i.e. the 
downward flow of positive electricity from 
the air to the earth which takes place under 
the action of the normal electric field of fine 
weather is exactly balanced (if we take the 
average over any considerable time) by 
currents, not necessarily conduction currents, 
in the opposite direction. 

The most important of such currents which 
may possibly be effective are (a) convection 
currents of charged air, (b) convection currents 
carried by negatively charged rain or other 
precipitate, (c) upward conduction currents 
in regions where the potential gradient is 
negative, and ( d ) currents carried by 
corpuscular radiations. 

(i.) Theories of Ebert and Lenar d. — 
According to a large class of theories the air 
in contact with the ground acquires a positive 
charge, the earth receiving an equal negative 
charge, e.g. by friction, by chemical processes, 
or as a result of the greater mobility of 
the negative than of the positive ion. To 
make such processes effective in creating 
an electric field in the atmosphere, the air 
which has acquired a positive charge while 
in contact with the ground must be con- 
tinually carried up by convection or eddy 
currents and be replaced by new air. The 
energy required to produce the electric field 
by raising the positive charge against tho 
attraction of the negative charge on the 
ground is derived from air currents. 

The most important of the theories of this 
class are those of Ebert and of Lenard (57), (58). 
Ebert supposes that ionised air which diffuses 
out of the ground, or which escapes as a result 
of diminishing barometric pressure or ' rising 
ground temperature, is charged positively, 
owing to more negative than positive ions 
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becoming attached to the walls of the capil- | 
lary air passages in the soil, on account of their 
greater mobility ; air sucked out of the soil is 
found to be much more ionised than ordinary 
air, on account of the radio-active emanations 
with which it is charged. The process, like most 
of the others of this class, is only effective 
over land. Lenard has, however, shown 
that the splashing of salt water, as in the 
breaking of waves on the surface of the ocean, 
also gives the air a positive charge. 

(ii.) Convection by Charged Rain . — Several 
theories of atmospheric electricity have been 
based on the assumption that more negative 
than positive electricity is carried down to the 
ground by rain. The observations of Simpson 
at Simla and most subsequent investigations 
on the subject have, however, shown that 
rain and other forms of precipitation carry 
down, on the whole, an excess of positive 
electricity (see § (22) and § (25)). 

(in.) Upward Conduction Currents. — The 
potential gradient is frequently negative during 
rain; the vertical conduction current is then 
from the earth to the air. On account of the 
very large values of the electric Held in showers 
and thunderstorms and of additional sources 
of ionisation then in operation, the vortical 
conduction currents may be very large com- 
pared with the normal fine weather air-earth 
current. Whether the charges carried from 
the atmosphere to the earth by these currents 
(and by lightning discharges which may be 
grouped with them) are preponderntingly 
positive or negative still remains to be 
determined (see § (21 )). 

It is not impossible that quite independently 
of precipitation there may be regions whore 
negative pt >tential gradients n< wmally ex ist 
and maintain an upward earth-air current. 

(iv.) Corpuscular .Radiation. — The pheno- 
mena of the aurora furnish evidence that 
corpuscular radiations roach our atmosphere 
from the sun and that they may penetrate to 
within 100 km. of the earth’s surface. The 
possibility of the negative charge of the earth 
♦being maintained by negative or fi rays of 
sufficient velocity to traverse our atmosphere 
and reach the earth's surface has frequently 
been suggested (59), (HO). Unless, however, 
their kinetic one rgy w< * re enormously g real, 
compared with that of the fastest fi rays from 
radio-active substances, their penetrating power 
would be too small and the ionisation produced 
in the atmosphere would lie too groat to make 
this a. possible source of the earth's negative 
charge. Not only are the rays absorbed by 
the air, they have also to move against the 
electric Held through a potential difference of 
about ! million volts before reaching the 
earth's surface. On account of tins guiding 
action of the magnetic field, which has also 
to be taken into account, it is in the neigh bour- 
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hood of the magnetic poles that the penetrating 
rays would be most likely to reach the earth’s 
surface. 

It is possible that fi rays, of which the pene- 
trating power was insufficient to enable them 
to traverse the lower atmosphere, might 
become sufficiently concentrated above the 
region of the magnetic poles to reverse the 
potential gradient in these regions ; a locally 
reversed earth-air current would thus result, 
which might be large enough to contribute 
materially to the maintenance of the earth’s 
negative charge. 

It is easier to imagine the existence of a 
radiation of the y type which would have 
sufficient penetrating power to enable it to 
reach the surface of the earth ; such radiation 
would also be unaffected by the electric and 
magnetic fields of the earth. Experiments 
on the ionisation in a closed vessel already 
give some indications of the existence of a 
penetrating radiation of this type. Swann (61) 
has pointed out that a radiation of this kind 
(started perhaps by the stoppage of very 
fast fi rays in the upper atmosphere) would 
produce fi rays as it traversed the air, these 
fi rays travelling mainly in the same direction 
as the radiation and thus constituting an 
upward, positive current. The fi rays from 
the lowest layers of the atmosphere would 
enter the earth and tend to keep up its 
negative charge. 

§ (Iff) Consideration oir the various 
Theories. — Much could probably be done 
towards estimating the relative importance 
of the various processes by which a trans- 
ference of electricity between the atmosphere 
and the ground may take place, by determin- 
ing the total flow of electricity from all causes 
through an isolated portion of the earth’s 
surface, i.e. by developing the test-plate 
method < >f measuring the air-earth current. 
Observations thus far show, apart from effects 
of precipitate >n, that the normal air-earth 
current flows through such a test-] date even 
when it is made ns nearly as possible the 
equivalent of an isolated portion of the ground ; 
there is no evidence of a compensating reverse 
current nor can such a reverse current be 
detected when the field is cut off. As regards 
the Lenard effect of the splashing of sea water, 
apart from other difficulties it is doubtful 
whether it would compensate for the effect 
of the charge induced on the spray of a break- 
ing wave by the positive potential gradient.. 

Insuperable difficulties in the way of ac- 
cepting theories of the Ebert typo have been 
pointed out by Simpson (62), Gerdion (66), 
Swann (64), ami Sehweidler (65). The latter 
also draws attention to the difficulties of the 
e o r p u sc u I* iv t Henri oh. 

On the whole, it appears to bo likely that 
the (Compensating process which prevents the 

H 



98 


ATMOSPHERIC ELECTRICITY 


negative charge of the earth from being neutral- 
ised by the finei weather conduction current 
does not act in the fine weather regions where 
the potential gradient is positive. The return 
current is in all probability itself also mainly 
a conduction current flowing in regions where 
the potential gradient is negative. It is 
conceivable that such negative potential 
gradients may exist normally in the immediate 
neighbourhood of the magnetic poles as a 
result of negative charges brought from extra- 
terrestrial sources by corpuscular radiation. 
It is certain that very intense negative 
potential gradients exist below cumulo- 
nimbus clouds and that they produce large 
upward currents ; as, however, do high positive 
potential gradients with large downward 
currents. The current which flows between 
the ground and a cumulo-nimbus cloud is 
probably large (of the order of 1 ampere), 
and the number of such clouds acting at a 
given moment (probably many thousands 
over the whole earth) is sufficiently great to 
make it certain that they play an important 
part in determining the electrical condition 
of the earth. Whether there is an excess 
of the upward currents, and whether this is 
sufficient to compensate for the air-earth 
currents of fine weather, remains to be 
determined. 

§ (17) Consequences of the High Con- 
ductivity of the Upper Air. — We greatly 
simplify the consideration of the problem 
of the maintenance and distribution of the 
electric field if we assume (in accordance with 
the phenomena of terrestrial magnetism and 
the aurora and of the propagation of electro- 
magnetic waves) that the upper atmosphere 
is sufficiently ionised to possess considerable 
conducting power. The problem then reduces 
itself mainly to determining the mechanism 
by which the potential difference of about 
one million volts between the conducting upper 
atmosphere and the ground is maintained. The 
electrical effects of precipitation, which would, 
in the absence of the conducting layer, be com- 
paratively local, may now extend to distant 
regions in which fine weather prevails (5), (64). 

Let us for the present assume that the 
potential of the conducting upper atmosphere 
which is situated over a considerable area of 
the earth’s surface remains constant. The 
lines of flow below the conducting layer may 
be taken to be vertical. If a steady condition 
is reached the vertical current below the layer 
of high conductivity will be the same at all 
levels, and the vertical electric force at different 
levels will vary inversely as the conductivity. 
Above the lowest kilometre (i.e. above the 
influence of ionising radiations having their 
origin in the ground) the conductivity increases 
with height, and the potential gradient dimin- 
ishes accordingly. 


The potential at a point at a given height 
above the ground will be increased by any 
influence which diminishes the conductivity of 
the air below or increases that of the air above 
it. The effect of a ground fog in raising the 
potential gradient is thus readily explained, as 
was shown long ago by Elster and Geitel (66). 
A diminution of the conductivity of the lowest 
layers of the air alone will only slightly 
diminish the air-earth current, since this 
depends on the total electrical resistance 
between the ground and the upper atmosphere ; 
thus there is a tendency for the potential 
gradient near the ground to vary inversely as 
the conductivity of the lowest layers. It is 
possible that the annual variation of the 
potential gradient may be partly at least 
explained in this way as due to variations in 
the conductivity of the air near the ground. 
The variations in conductivity may result not 
only from variations in the dustiness of the 
air, but also from variations in the rate at 
which ions are being set free. A considerable 
part of the ionisation of the air near the 
ground is due to the radio-active emanations 
of radium and thorium which have diffused 
out of the ground. Any condition which 
assists the escape of the emanations, such as 
high ground temperature, tends to increased 
conductivity of the air and low potential 
gradients. 

An increase in the conductivity of the air 
elsewhere than in the lowest layers will 
increase the air-earth current, and thus the 
potential gradient near the ground. The early 
morning minimum has been explained as being 
due to the ionisation of the upper portions of 
the atmosphere being then a minimum (67), (68). 
The afternoon minimum may be due to the effect 
of atmospheric convection, which then reaches 
its maximum, in diminishing, by increased 
dustiness and humidity and production of 
cloud, the mobility of the ions above the lowest 
layers. The absence of the afternoon minimum 
when the potential is observed at a height may 
be explained as due to the point at which the 
potential is observed being situated within 
the air of diminished conductivity; the resist- 
ance between this point and the tower or 
hill-top on which the observations are made 
being increased relatively as much as that 
of the air above. 

It is unlikely, however, that the annual and 
diurnal variations of the potential gradient arc 
to be explained as entirely due to variations 
in the conductivity of the atmosphere below 
' an ionised upper layer which remains at a 
constant potential everywhere the same. The 
conductivity of the upper atmosphere is 
probably not such as to prevent considerable 
differences of potential from existing between 
portions of it at a great distance apart. The 
distribution of potential within the conducting 
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layer will depend on the situation of the 
generators which maintain the potential differ- 
ence between it and the earth. 

If we take the view that cumulo-nimbus 
clouds are the principal sources of the positive 
potential of the upper atmosphere, then its 
potential may be expected to be highest over 
the regions where such clouds are most 
numerous, i.e. in tropical and middle latitudes 
in the afternoon hours. A factor which may 
be of importance in the distribution of potential 
in the upper atmosphere is the greater con- 
ductivity of air, at very low pressures, along 
than across the magnetic lines of force. This 
will tend to equalise the phase of the diurnal 
variation of the potential of the upper atmo- 
sphere along a magnetic meridian ; the maxima 
and minima occurring at the times when the 
number of thunderstorms and showers in. the 
neighbourhood of this meridian is greatest 
and least;. This would fit in with the 
simple winter and high-level type of diurnal 
variation, and would give a possible ex- 
planation of the remarkable results regarding 
the phase of the diurnal variation in the 
region between magnetic and geographical 
south poles to which Simpson has called 
attention (see § (9) (ii.)). 

Again, if there is a fall of potential in the 
upper atmosphere in passing from the tropical 
regions to the poles, any increase in the con- 
ductivity of the uppermost layers in high 
latitudes (such as we might expect in summer 
from increased exposure to ionising solar 
radiation) will diminish the potential difference 
between the upper air in polar regions and that 
of middle latitudes ; diminishing the potential 
in the latter and increasing it in the former. 
This may be one cause of the annual variation 
in the potential gradient — which, as we have 
seen, has its maximum in winter in middle 
latitudes and (if wo can judge from the Antarctic 
observations alone) in summer in the polar 
regions. 

VI. Potential Gradients associated with 
Showers and Thunderstorms 

§ (18) The Effect of Clouds and Rain. 
(i.) Clouds .■ — Clouds other than those associated 
with precipitation do not in general produce 
conspicuous effects on the potential gradient 
at the earth’s surface. The part played by 
the great majority of clouds in relation to 
atmospheric electricity is probably mainly the 
purely passive one of diminishing the con- 
ductivity of the air, and thus increasing the 
vertical electric force within them and diminish- 
ing that above and below them. A very thick 
cloud layer may reduce the vertical current, 
and lienee the potential gradient at the ground, 
almost to zero. Time is of course required for 
the establishment of the steady condition ; 


i.e. for the vortical current to supply such 
charges to the upper and lower boundaries of 
the cloud as are necessary to make the electric 
force within it great enough to compensate 
for the increased resistance, so that the vertical 
current within the cloud becomes equal to that 
above and below it. 

Ordinary cumulus clouds have very little 
effect on the potential gradient at the ground. 
Observation shows that even when great 
masses of towering cumulus are visible on all 
sides, the potential gradient is often hardly 
affected. It is apparently only when some 
critical condition has been reached, and the 
cumulus has become a cumulo-nimbus cloud, 
that it develops any considerable external 
field. This development of the external field 
is very rapid, a change in the potential 
gradient in the neighbourhood of the ground 
from values of the order of 100 volts per 
metre to more than 10,000, positive or 
negative, occurring in a very few minutes. 

(ii.) Rain . — Rain does not always produce 
large effects upon the electric field ; when the 
effect is small there is on the whole a lowering 
of the normal positive potential gradient. 
Heavy precipitation of any kind generally 
produces very high, positive or negative, 
potential gradients, with frequent changes of 
sign ; negative potential gradients on the whole 
preponderate. 

§ (19) Measurement of Wet Weather 
Effects. — For measuring the very intense and 
rapidly changing electric fields associated with 
heavy precipitation and thunderstorms, the 
ordinary apparatus, which is used for recording 
potentials by means of a water dropper or 
other collector, is both too sensitive and too 
slow in its action ; it gives little more than 
qualitative information. A good deal of 
additional information might be obtained by 
reducing sufficiently the sensitiveness and 
diminishing the period of the electrometer (by 
using a stronger control) and by using a very 
efficient collector. But the potential acquired 
by the collector and the conducting system 
connected to it will not infrequently bo high 
enough to cause sparking, and no collector is 
sufficiently rapid in its action to follow the 
changes which result from the passage of 
lightning discharges. 

Methods which depend on measurements of 
the charge on an exposed conductor are much 
more suited for the study of these large and 
rapidly changing potential gradients. 

The fact that a thunderstorm is approach- 
ing is first indicated by apparatus of this type 
by the sudden changes produced in the potential 
gradient by distant lightning discharges (8). 
A photographic record of the electrometer 
readings, obtained while the storm is at a 
distance of 20 km. or more, generally shows 
a positive potential gradient not differing 
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much from the normal value ; sudden small 
changes, which may he either positive or 
negative, indicate the occurrence of lightning 
discharges. These sudden changes become 
comparable with the normal potential gradient 
when the storm is at a distance of from 15 to 
20 km. The sudden changes produced in the 
field by discharges at 10 km. are generally of 
the order of 500 volts per metre, becoming as 
great as 10,000 volts per metre or more when 
the discharges occur at distances of 3 or 4 
km. The records obtained thus far show a 
greater number of instances of discharges 
causing a positive change of potential gradient 
than of those causing a negative change. 

The vertical electric force at the ground due 
to a thunder -cloud does not generally much 
exceed the sudden change which occurs when 
a lightning discharge passes ; very frequently 
each flash suddenly reverses the sign of the 
potential gradient, which again within a few 
seconds recovers its original sign. 


The mean value of the electric moments of 
the lightning discharges thus far studied in 
this way is of the order of 3 x 10 1G e.s.u.- 
centimetres or 100 coulomb-kilometres ; these 
moments may be positive or negative, hut 
flashes with positive moments (ie. which 
carry a positive charge upwards) appear to 
be the more numerous. 

Lightning discharges may pass between the 
upper and lower portions of the thunder- cloud 
or between the cloud and the ground, or they 
may pass from the cloud into the surround- 
ing atmosphere without reaching the ground. 
Discharges from the upper part of a cloud 
upwards into a clear sky have not infrequently 
been observed. It is only with discharges 
between the cloud and the earth that wo are 
at present concerned ; such discharges gener- 
ally extend through a vortical height of 
one or two kilometres. The average light- 
ning flash between cloud and earth probably 
discharges a quantity of electricity of the 



Fig. 2, — Becord of Potential Gradient (in volts per metre) at the Solar Physics Observatory, Cambridge, 

June 13, 1917, 14 li. 11 ml to 14 h. 16 m. 30 s. 


After each discharge the electric field tends 
to return to the value which it had before 
the discharge, the curve of recovery of 
the field frequently approaching the ex- 
ponential form. The initial rate of recovery 
of the field is generally such that if it had 
remained uniform the whole field destroyed 
by the discharge would have been regenerated 
in a few seconds. 

VII. Transference of Electricity betwem 
the Atmosphere and the Earth nsr 
Showers and Thunderstorms 

§ (20) Lightning. — From the sudden 
changes which are produced in the electric 
field at the surface of the earth by the passage 
of lightning discharges at known distances, 
we may deduce the electric moments of the 
discharges ; the electric moment being equal 
to 2QIf , where H is the vertical height through 
which the quantity of electricity Q has been 
discharged. For distances great compared 
with II the electric moment of the discharge is 
given by F.L°, where F is the sudden change in 
the vertical force at the ground and L is the 
distance of the discharge. 


order of 20 coulombs through a height of 
about 2 km. 

In severe storms the average interval 
between successive lightning flashes may bo 
a few seconds only. If we assume an 
interval of 20 seconds between successive 
flashes, each discharging 20 coulombs* the 
thunder -cloud has to supply 1 coulom b per 
second, i.e. one ampere, to feed the flashes. 

§(21) Continuous Currents. — The high 
positive and negative values of the electric 
field below shower-clouds and thunder-clouds 
would lead us to expect vertical currents through 
a given area of the ground which arc many 
times as large as those of fine weather, oven 
if there were no additional sources of ionisa- 
tion. But there are such additional sources ; 
there are three processes which arc likely to 
provide a supply of ions just in those areas 
where the potential gradient at the ground is 
greatest (8). Charged drops falling from a 
cloud may evaporate completely, producing 
ions corresponding in number to the charge 
originally carried by the drops. Again, if 
heavy rain reaches the ground, the splashing 
will give rise to ionisation. Lastly, if the 
potential gradient is strong enough, it will 
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itself cause ionisation by point discharges 
from exposed pointed conductors. 

The last named is probably the most im- 
portant source of ionisation below thunder- 
clouds. In some recent experiments made 
at the Solar Physics Observatory, Cam- 
bridge, a positive potential gradient of about 
15,000 volts per metre, applied artificially over 
a field of grass, was found to be sufficient 
to cause a point discharge of negative elec- 
tricity from the tips of the blades of grass ; a 
somewhat larger negative potential gradient, 
about 20,000 volts per metre, had to be applied 
to cause a measurable positive discharge. For 
greater potential gradients, positive or nega- 
tive, the currents increased rapidly and soon 
reached values exceeding 1 microampere per 
sq- metre ( = 1 ampere per sq. kin. or 10" 10 
ampere per sq. cm.). 

It is probable that potential gradients 
exceeding the limits required to cause point 
discharges from grass exist below thunder- 
clouds, and that the potential gradient at the 
ground is prevented by such point discharges 
from exceeding a limit fixed by the current 
which the thunder-cloud is able to supply. 
Observations of the sign and magnitude of the 
potential gradients below thunder-clouds and 
shower - clouds are evidently much to be 
desired, since they would afford iheans of 
obtaining an estimate of one important com- 
ponent of the air-earth currents associated 
with such clouds. When a thunder - cloud 
passes at a comparatively small height above 
the ground, and when the number of discharg- 
ing points available is small, the current 
through such projecting conductors as exist 
may be comparatively large, and we get visible 
glow or brush discharges — St- Elmo’s fire. 
The necessary conditions are frequently met 
with on mountain summits, and the discharges 
may be intense enough to give considerable 
illumination and to emit a loud humming 
sound. The direction of the current (as 
indicated by the appearance of the discharge) 
may be either from the ground to the cloud 
or in the opposite direction. 

§ (22) Electricity of Rain. — The import- 
ance of determining the sign and magnitude 
of the charges carried down to the earth by 
rain and other forms of precipitation was 
pointed out by Linss (27) ; the first measure- 
ments were made by Elster and Geitel (69). 
Observations have now been made in many 
parts of the world. 

The difficulties of such measurements, 
especially during thunderstorms, are con- 
siderable. If we were merely to place an 
insulated vessel out in the rain and examine 
the charge which it had gained after a certain 
time, there would be large spurious effects, 
due mainly to drops striking the vessel and 
splashing off. For even uncharged drops 


would, if they struck the rim of the vessel, 
carry off some of the charge induced by the 
electric field. It is difficult to remove this 
danger (by means of suitably placed screens 
and diaphragms) without introducing an error 
of opposite sign, due to rain splashing into the 
vessel after striking portions of the screening 
system which are exposed to the earth’s field. 
With the methods which have actually been 
used the errors due to such causes are probably 
unimportant. 

The earlier observations of Elster and 
Geitel (69) and of Gerdien (70) led to the 
conclusion that on the whole more negative 
than positive electricity was carried to the 
ground by rain. Simpson (71), however, in 
a long series of measurements made with self- 
recording apparatus at Simla, found that a 
much larger quantity of positive than of 
negative electricity was brought down to the 
ground by rain. Similar results have been 
obtained by nearly all subsequent observers 
in different parts of the world (72), (73), (74), 
(75), (76), (77). Schindelhauer (78), however, 
concluded, from the results of a long series 
of observations at Potsdam, that there was 
no excess of positive charge. 

Simpson found occasions of positively 
charged rain to be more than twice as frequent 
as those of negatively charged x*ain, and that 
nearly three times as much positive as negative 
electricity was brought down by the rain. 
The currents carried to the ground by rain are 
in the great majority of cases less than 10” 13 
ampere per sq. cm. ; the largest currents 
observed amounted to nearly 10 “ 1 2 ampere 
per sq. cm. Positively charged rain becomes 
relatively more frequent as compared with 
negative rain the greater the rate of rainfall. 
Simpson found that rainfalls exceeding 1 mm. 
in 2 minutes were always positively charged. 
The charge of rain is generally less than 1 e.s.u. 
per c.c., but positive and negative charges 
exceeding 5 e.s.u. per c.c. are not infrequent, 
and charges approaching 20 e.s.u. per c.c. of 
rain have been observed. 

The convection current carried by precipita- 
tion is thus on the whole from the atmosphere 
into the ground, i.e. in the same direction as 
the air-earth current of fine weather. The 
density of this convection current per sq. cm. 
of the surface of the ground is not infrequently 
1000 times as great as that of the normal air- 
earth conduction current, hut it very rarely 
exceeds 10“ 12 ampere per sq. cm. 

Of the three kinds of electric current which 
may accompany precipitation — the convection 
current carried by rain, the momentary cur- 
rents of lightning discharges, and continuous 
currents due to the intense electric fields — it 
is quite possibly the last which contributes 
most to the interchange of electricity between 
the earth and the atmosphere. 
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VIII. The Thunder-cloud as an Electrical 

Machine : its Electrical Field an d 

the System of Currents which it 

MAINTAINS. 

§ (23) The E.M.P. and Current within 
the Cloud. — A thunder-cloud may be regarded 
as an electrical machine. It is of interest 
to try to obtain some estimate of the order of 
magnitude of the electromotive force developed 
and of the current which passes through the 
cloud, and to consider the probable distribution 
of this current. 

The mechanism by which the electromotive 
force of the cloud is developed will he dis- 
cussed later. It may be assumed that a 
vertical separation, of positive and negative 
electricity takes place within the cloud, 
electricity of one sign being carried down by 
large drops or hailstones, while a charge of the 
opposite sign is attached to the smaller cloud 
particles which are carried up in the ascending 
air. 

If it is within the thunder- cloud that the 
separation of the positive and negative 
electricities is effected, equal charges of 
opposite sign must he developed in the upper 
and lower parts of the cloud, which is thus 
essentially bipolar. While, however, the poles 
of the cloud necessarily develop equal and 
opposite charges in a given time, they are also 
losing electricity by the falling out of charged 
rain, by conduction through the ionised 
atmosphere, and it may he by lightning dis- 
charges. The losses will generally affect the 
two poles differently, and the upper and lower 
charges may become very unequal. 

Thunder-clouds are generally of great vertical 
thickness, their bases being generally at a 
height of from 1 to 2 km., while their summits 
are generally above 5 km. and may reach to 
nearly twice that height. There is no diffi- 
culty in imagining a relative vertical motion 
of positive and negative carriers which would 
result in the top and bottom of the cloud 
becoming oppositely charged while the greater 
part of the vertical thickness might be nearly 
neutral ; the centres of the positive and 
negative charges may be at a considerable 
vertical distance apart. 

We may learn something about the rate at 
which the vertical separation of positive and 
negative charges takes place, i.e. about the 
vertical current through the cloud, as well as 
about the order of magnitude of the potential 
difference between the poles, from the effect 
of lightning discharges upon the potential 
gradient. 

We have seen that the quantity of electricity 
which passes in an ordinary lightning flash is 
of the order of 20 coulombs. The rate of 
separation of the positive and negative charges 
may have to be sufficient to supply many such 


flashes in one minute, and the average current 
through the thunder-cloud must in such cases 
exceed one ampere. 

But this does not necessarily represent the 
whole ^output of the thunder-cloud ; it may 
supply in addition to or in place of the lightning 
discharges a considerable continuous current. 
The way in which the electric field of a distant 
thunder- cloud is regenerated after a lightning 
discharge is suggestive in this connection. The 
curve of recovery of the field is of the form we 
should expect it to have if, while the rate of 
separation of the charges in the cloud (i.e. 
the vertical current through the cloud) con- 
tinues at a more or less constant rate, there 
is a loss of charge (i.e. a return current) 
which increases continuously as the potential 
difference between the poles of the cloud in- 
creases. The total current or rate of separation, 
of the charges deduced in this way generally 
greatly exceeds what is required to supply the 
lightning discharges of the cloud, the average 
amounting to some amperes. 

We may in different ways form some estimate 
of the linear dimensions of the region in which 
the charge which passes in an average lightning 
flash must have been concentrated, and so 
deduce the order of magnitude of the maximum 
potential attained within this region. This 
leads to an estimate of 10 9 volts for the order 
of magnitude of the E.M.F. of a thunder- 
cloud. 

A shower-cloud which does not produce 
lightning may be one in which a balance 
between the separation of the charges and their 
dissipation by continuous processes is attained 
before the lightning discharge limit is reached. 
The magnitude of the E.M.F. and of the current 
through such a cloud may thus not be greatly 
less than those associated with a thunder-cloud. 

§ (24) Distribution of the Current sup- 
plied by the Cloud. — A thunder-cloud is 
situated between two parallel or concentric 
conductors — the earth and the ionised upper 
atmosphere — which together form a condenser 
of high capacity. The existence of this highly 
ionised layer in the upper atmosphere is in- 
dicated by the phenomena of the propaga- 
tion of electromagnetic waves round the 
earth as well as by those of terrestrial magnet- 
ism. Its height is uncertain, but a knowledge 
of this is not required for the purpose of 
estimating the influence of the conducting 
layers upon the electrical phenomena of 
thunderstorms ; let us assume that the lower 
limit of the layer of high conductivity is about 
50 km. The atmosphere below this limit is 
also always ionised to a considerable extent, 
the ionisation diminishing at lower levels ; the 
electrical resistance of the lowest 5 km. of any 
vertical column of air probably exceeds that 
of the whole column above this level. 

From the sign and magnitude of the potential 
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gradient at places remote from the disturbing 
influences of shower-clouds, and from the 
manner in which this falls off with the height, 
we may conclude that the potential in the 
upper atmosphere is positive and of the border 
of one million volts. This is small compared 
with the E.M.P. of a thunder-cloud. 

The sum of the potential differences betweexr 
the upper pole of the cloud and the high-level 
conducting layer of the atmosphere, and 
between the ground and the lower pole, will 
thus differ relatively very little from that 
between the two poles of the cloud. Whether 
then the return current (continuous or dis- 
continuous), by which the charges recombine 
after being separated within the cloud, passes 
mainly by the direct route from pole to pole 
of the cloud, or via the upper atmosphere and 
the earth, will depend on the relative resist- 
ances of these two circuits. An increase in the 
vertical distance between the upper and lower 
charges will increase the resistance of the 
short circuit and diminish that of the long 
circuit for both continuous and disruptive 
discharges. 

The free air at levels above that to which 
the summits of cumulo-nimbus clouds attain 
has even normally a conductivity many times 
as great as that of the lower layers, and this 
will be greatly increased by the action of the 
field of the thunder-cloud in dragging ions 
down from the upper atmosphere. Within 
the cloud itself (so long as discharges do not 
occur) the conductivity is likely to be reduced 
by the entanglement of ions by cloud particles. 
Below a shower-cloud or thunder-cloud there 
are the additional sources of ionisation con- 
sidered in Part VII. It is probable, therefore, 
that the sum of the resistances above and 
below the cloud may not be large compared 
with that within the cloud, and that an im- 
portant part of the continuous current main- 
tained by a shower-cloud may pass from the 
ground through the cloud to the upper atmo- 
sphere or in the reverse direction. 

Consider next the case of lightning dis- 
charges. If the cloud is of small vertical 
thickness the electric field is likely to reach its 
critical value first within the cloud, and the 
discharge will be of the nature of a “ short- 
circuit 53 between the poles ; or, if the rate of 
dissipation of the lower charge ( e.g . by the 
falling out of charged rain) has been relatively 
great, the lightning discharges may be between 
the upper pole and the ground. 

If the vertical distance between the upper 
and lower charges is considerable, it is quite 
possible for the critical value of the field to be 
exceeded at the lower boundary of the high- 
level conducting layer (on account of the low 
pressure at this height) before it reaches its 
critical value within the cloud. There may 
then be discharge, continuous or disruptive. 


between the upper atmosphere and the upper 
surface of the cloud ; some forms of cc sheet 
lightning 53 may possibly be discontinuous 
discharges originating in this way. 

If the potential difference between the upper 
pole of the cloud and the upper atmosphere is 
approximately destroyed by a discharge, a 
potential difference between the lower pole 
and the ground becomes nearly the same as 
that between the poles of the cloud. Dis- 
charges will tend to occur between the lower 
pole of the cloud and the ground simultane- 
ously with discharges between the upper pole 
and the upper atmosphere ; the lower charge 
may, however, have to accumulate for a period 
occupying several intervals between the upper 
discharges before it reaches the limit required 
to cause a lightning discharge to eai'th. 

Increased conduction in the atmosphere 
above the cloud, whether due to discontinuous 
discharges or otherwise, tends to diminish the 
upper charge and thus indirectly to increase 
the lower charge by diminishing the dissipa- 
tion current which it receives from the upper 
pole of the cloud. An increase in the lower 
charge and a diminution of the upper charge 
both have the effect of increasing the potential 
gradient at the ground if it is already in the 
direction opposed to that within the cloud, or 
to diminish it if it is in the same direction as 
that within the cloud. 

The conductivity above a thunder-cloud 
must be largely due to ions dragged out of the 
conducting upper atmosphere by the electric 
field of the cloud. The conductivity above a 
cloud of positive polarity (i.e. one of which, 
the upper pole, is positive) will b© greater than 
that over a cloud of negative polarity, on 
account of the very much greater mobility of 
the negative ions than of the positive in dry 
air at low pressures. And again a discharge 
from the upper atmosphere to the cloud, owing 
to the field causing ionisation by collisions, 
will also occur more readily if it is the negative 
ions which are dragged out of the conducting 
layer, i.e. if the polarity of the cloud is positive. 
This excess of conductivity above the cloud 
of positive polarity will tend to make negative 
potential gradients predominate below the 
centres of cumulo-nimbus clouds if we assume 
that clouds of negative polarity are not greatly 
more numerous than those of positive polarity. 
This in turn will lead to the ionisation current 
in showers, whether it is continuous or passes 
in lightning discharges, being mainly directed 
from the earth to the atmosphere. 

According to Simpson’s theory (71) of the 
electricity of rain, a thunder-cloud is necessarily 
of negative polarity ; the preponderance of 
positively charged rain which reaches the 
ground is in agreement with this theory. But, 
as we have seen, the convection current which 
reaches the ground on charged rain- drops is 
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probably a small fraction of the total current 
and may give no reliable measure of its magni- 
tude and not even indicate its sign correctly. 
Rain, for example, which, was negatively 
charged when it left the cloud, and which fell 
through an upward stream of positive ions set 
free at the ground, might be wholly or partially 
discharged or even have the sign of its charge 
reversed before it reached the earth (8). The 
excess of positively charged rain may indeed 
be partly a consequence of negative potential 
gradients being more frequent than positive 
in heavy showers. 

There can be little doubt that the electro- 
motive force of a thunder-cloud must maintain 
a considerable current — probably of the order 
of some amperes — between the ground and 
the upper atmosphere. The average number 
of thunder- clouds in action at a given time is 
probably of the order of 1000 at least ; and 
the effect of the much larger number of shower- 
clouds which do not produce lightning cannot 
be neglected. It is at least possible that the 
upward currents due to clouds of positive 
polarity may more than counterbalance the 
downward currents due to clouds of negative 
polarity, and that the excess may be sufficient 
to maintain the positive potential of the upper 
atmosphere and compensate for the downward 
current of fine weather. 

IX. Some Processes associated with the 
Development and Dissipation oe the 
Electric Charges oe Thunder-clouds 

§ (25) The Movement oe Charged Air. — 
A cloud layer diminishes the conductivity of 
the air within it by destroying the mobility of 
the ions which become attached to the cloud 
particles. Any pre-existing vertical electric 
field will be intensified within the cloud, 
until the total vertical current, due to con- 
vection and conduction within the cloud, is 
equal to that above and below the cloud in 
spite of the smaller conductivity. The rate at 
which this increased field develops, i.e. the 
rate at which charges of opposite sign ac- 
cumulate at the upper and lower margins of 
the cloud layer, will be determined by the 
magnitude of the vertical electric current. 

A vertical electric field arising in this or in 
any other way within a cloud layer may be 
intensified by diminishing its horizontal dimen- 
sions and thus increasing the density of the 
upper and lower charges ; this reduction of 
the horizontal dimensions may be brought 
about by converging winds. A contraction in 
the horizontal dimensions of a cloud by con- 
verging motion of the air will be accompanied 
by an expansion in the vertical direction and 
an increased separation of the upper and lower 
charges. The potential difference between the 
top and bottom of the cloud will thus be 


increased by the increase both in the vertical 
force and in the height through which it 
extends. The converging air motion will 
frequently be greater in the upper than in 
the lower part of the cloud, as is evident when 
the cloud assumes the cumulus form ; the 
consequent concentration of the upper charge 
may thus greatly exceed that of the lower. 

§ (26) The Fall of Charged Drops and 
Hailstones. — While the movement of charged 
air masses as a whole may be a factor in the 
development of the intense fields of thunder- 
clouds, it is probably by no means the main 
one. It has long been regarded as probable 
that the electrical field of a thunder-cloud is 
due to large falling drops or hailstones becom- 
ing charged with electricity of one sign while 
the uprising air (or the smaller cloud particles 
carried up by it) is charged with electricity 
of the opposite sign. There have been many 
attempts to explain how this initial separation 
of positive and negative electricity occurs. 

(i.) Condensation Effects. — The process of 
condensation may under certain conditions 
cause an opposite electrification of the cloud 
particles which are formed and of the surround- 
ing air. In atmospheric air from which the 
dust particles have been removed (e.g. by the 
falling out of water drops which have con- 
densed upon them) condensation does not 
occur until an approximately fourfold super- 
saturation has been attained ; when this stage 
is reached the negative ions which are con- 
tinually being set free will serve as nuclei on 
which water will condense to form drops (79). 
Positive ions require a considerably higher 
degree of supersaturation to make water 
condense upon them, so that they are never 
likely to come into action in the atmosphere. 

It was suggested by Sir J. J. Thomson (80) 
that this difference between the positive and 
negative ions might result in a preponderance 
of negatively charged rain, and thus to the 
normal positive electrification of the atmo- 
sphere. Gerdien (63) based upon it a theory 
of thunderstorm electricity. There are many 
reasons against accepting, as a sufficient ex- 
planation of the origin of the intense fields of 
thunder-clouds, this difference in the efficiency 
of positive and negative ions as nuclei for the 
condensation of water vapour (59), (81), (82). 

With particles of the size of large ions or 
dust particles the effect of the sign of the 
electrification on condensation must be very 
small, and it has never been experimentally 
demonstrated ; it is unlikely that it is of any 
importance in the atmosphere. 

(ii.) The Electrification of Drops subsequent 
to their Formation. — There are several ways 
in which drops may conceivably acquire a 
charge after their original formation. It 
has been suggested (83) that the drops may 
acquire a negative charge through capturing 



ATMOSPHERIC ELECTRICITY 


105 


more negative than positive ions from the | 
surrounding air on account of the greater 
mobility of the negative ion. Again exposure 
to radiations of short wave-length (ultra-violet 
light or y rays) may cause drops or ice crystals 
to emit negative electrons and so become 
positively charged (84) ; this effect would 
become most marked dt great heights, where 
the ultra-violet light from the sun is ap- 
preciable. There is again the possibility of 
electrification by friction of water drops with 
ice crystals or of either of these with dust 
particles in falling through the air (85). 

The intense fields of thunder-clouds arise 
probably only when large drops or hailstones 
have formed. Collisions may then occur 
between the larger and smaller drops on 
account of the different rates at which they 
fall relatively to the uprising air ; again water 
drops break up when they have reached such 
a size (about 5 mm. in diameter) that they 
fall through the air with a velocity of about 
8 metres per second (86). 

(iii.) Simpson's Theory . — When pure water j 
is allowed to splash or is shaken up with 
air (58), (87), the water becomes positively 
charged, the air negatively. Simpson showed 
(71) that when water drops are broken up in 
an air current there is electrical separation as 
in other cases of disruption, the resulting 
drops being positively electrified while the air 
contains an excess of negatively charged ions. 
It is to this positive electrification of the water 
and negative electrification of the air by dis- 
ruption of drops, and the subsequent vertical 
separation of the charges through the relative 
motion of the suspended water drops and up- 
rushing air (the latter carrying with it fine 
cloud particles to which the negative ions 
attach themselves), that Simpson attributes 
the development of the intense fields of 
thunderstorms. On this view all thunder- 
clouds should be of negative polarity. 1 

(iv.) Bister and OeiteVs Theory . — Elster and 
Geitel (88), (89) attribute the electric field of a 
thunder-cloud mainly to collisions of large and 
small drops in an already existing electric field. 
In a cloud in which the electric field is directed 
upwards, the upper half of a falling drop will 
be positively charged, the lower negatively. 
If a droplet carried up in the ascending air 
stream strikes the lower half of the larger 
drop and rebounds after making electric 
contact, it will carry off a negative chai’ge, 
leaving the larger drop with an excess of 
positive electricity. The negatively charged 
droplet will be carried upward relatively to 
the positively charged drop by the upward 
air stream. If the electric force were directed 

1 Simpson’s explanation of the electrical effects of 
drifting snow (§ (!)) iii.) would, however, seem to imply 
that snow and nail clouds should be of positive 
polarity. 


upwards as above assumed (i.e. if the potential 
gradient were negative) collisions would lead 
to the smaller cloud particles becoming 
negatively charged, the larger drops positively ; 
the former would be carried up relatively to 
the latter, and there would thus be produced 
in the region between them an additional field 
of the same sign as the original field. The 
process would always result in an originally 
existing electric field within the cloud being 
increased in magnitude, and (until com- 
pensating processes came into play) at a 
continually increasing rate. According to this 
view the thunder- cloud is in effect a large 
influence electric machine ; its polarity will 
depend on the initial sign of the electric field. 
In some cases it may be the ordinary normal 
positive potential gradient that determines 
the polarity of the cloud, which will then be 
positive. 

The question whether the necessary electrical 
contact between the large and small drops can 
occur at the moment of collision without 
coalescence at the same time occurring is 
fundamental in relation to Elster and Geitel’ s 
theory. The very striking effect of electrifica- 
tion in causing coalescence of water surfaces 
and the -high contact resistance when 
coalescence does not occur are both well . 
known from the experiments made by the 
late Lord Rayleigh (90) on jets of water. 
Simpson regards these as decisive against 
Elster and Geitel’s theory. Further experi- 
mental work on the subject is required. 

If coalescence of the drops occurs on 
collision in an electric field, there may be 
something of the nature of splashing if the 
smaller drop is not very minute ; whether 
this results in an increase or diminution of 
the primary field will depend on whether the 
splash takes place from the under or upper 
surface of the combined drop (59). In the 
case of collisions between hailstones, coales- 
cence will not in general take place and the 
influence effect will act in such a way as to 
increase the original electric field (89) ; possibly 
only wet hailstones would possess the necessary 
conductivity. Collisions between large hail- 
stones and smaller water drops will again cause 
splashing from the lower half of the hailstone 
and thus increase an already existing electric 
field. 

There can be little doubt that the processes 
suggested by Simpson and by Elster and 
Geitel are both effective in thunder-clouds ; 
further work is required to determine their 
relative importance. Other processes, such 
as those mentioned at the beginning of this 
section, and in § (25), may be of importance 
in producing a primary field strong enough 
to make the Elster and Geitel effect, when 
splashing and disruption begin, comparable 
with the Simpson effect. 
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§ (27) Some Effects of the Electrifica- 
tion* of Drops. — The possession of a charge 
and exposure to an electric field both tend 
to facilitate the disruption of drops and thus 
possibly to accelerate the development of the 
electric field in a thunder-cloud. 

Disruption of drops by an intense electric 
field may be concerned in the production of 
“ false cirrus ” at the head of a cumulo- 
nimbus cloud (8). 

The effect of a charge in promoting disruption 
is probably of considerable importance in the 
case of evaporating drops. A charged drop 
in an unsaturated atmosphere is essentially 
unstable. For the charge required to prevent 
a drop of given size from evaporating in an 
atmosphere which is just saturated (91) is 
identical with the maximum charge consistent 
with a spherical drop holding together (92). 
Any diminution in size (such as must result 
if the atmosphere around the drop is un- 
saturated) will cause division of the drop ; 
each portion of the drop will again evaporate 
and in turn divide, the final result probably 
being the dissipation of the charge into its 
constituent ions. This process is obviously of 
importance in connection with the ionisation 
below a thunder - cloud from which rain is 
falling and evaporating before it reaches the 
ground. c. t. w. 
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Atmospheric Radiation : 

Definition of “ effective ” radiation. See 
“ Radiation,” § (2) (i.). 

Measurement of, by thermograph and by 
radiometer. See ibid. § (2) (ii.). 

Value of. See ibid. §§ (3) (iv.), (4) (L). 

Atmospheric Refraction. See “ Trigono- 
metrical Heights,” § (9). 

Aureole : the portion of the corona which 
consists of the inner ring and the bluish 
inner field between the ring and the lumin- 
ary. See “ Meteorological Optics,” § (15) (i.). 

Automatic Division Machine. See “ Cal- 
culating Machines,” § (10). 

Azimuth by Circumpolar Stars. See 
“ Gravity Survey,” § (10). 

Azimuth, Determination of, by observation 
of stars at greatest elongation east or west. 
See “ Latitude, Longitude, and Azimuth, 
by Observation in the Field,” § (3). 
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Babbage’s Analytical Engine. See “ Cal- 
culating Machines,” § (2) (iv.). 

Babbage’s Differencing Engine. See “ Cal- 
culating Machines,” § (2) (iii.). 

Balance, Analytical, Performance of a 
Standard Type of, tabulated. See 
“ Balances,” § (2) (4). 

Balance, Conditions and Methods of 
Practical Use of. See “ Balances,” § (4). 
Balance, Equi-arm, General Theory of 
Static Equilibrium of. See “ Balances,” 
§ ( 2 ). 

Balance, Errors and Limitations of the. 
See “ Balances,” § (3). 

Causes of changes in the effective length of 
the arms of a balance. See ibid. § (3) (ii.). 
Effect of buoyancy of the air on the apparent 
weight of a body. See ibid. § (3) (iii.). 
Thermal effects. See ibid. § (3) (i.). 

Balance, Good, Requisites of. See 
“ Weighing Machines,” § (2). 

Balance Pans and Suspension Stirrups of 
Equi-arm Balance. See “ Balances,” § (1) 
(iv.). 

BALANCES 

The balances considered in this article are 
almost exclusively of the equi-arm typo, 
treated mainly as instruments of precision 
(see also “ Weighing Machines ”). The article 
also discusses the weights used with such 


balances, together with the methods of deter- 
mination of the densities of solids, liquids, and 
gases. 

(See § (6) for a discussion of the micro- 
balance. ) 

I. The Equi-arm Balance 

Of all the instruments used in making 
fundamental measurements, the familiar equi- 
arm balance is most productive of high 
accuracy. Such is the precision of this 
instrument that in many instances it is not 
used to the full limits of accuracy of which 
it may he made capable. It is proposed 
to describe briefly the main features of 
the balance as generally used by scientific 
workers, and afterwards to indicate the 
refinements which may be made if the 
utmost limit of accuracy is required of the 
instrument. 

§ (1) Details of Construction. — On ac- 
count of the general similarity of design of 
equi-arm balances, the following salient 
features may be taken as common to all 
such instruments, independent *of the load 
for which they are used. Essentially (see 
Fig. 1) the balance is an equi-arm lever 
consisting of a beam, usually of metal 
(except in micro-balances), which turns 
about a horizontal central knife-edge as 
fulcrum, while the loads are applied at parallel 
horizontal knife-edges at the extremities of 
the beam. 
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Arising out of this simple lever, the following 
items require consideration. : 

(i.) The design of the beam. 

(ii.) The nature of the knife-edges and their 
attachment to the beam. 

(iii.) The suspension of the loads from the 
terminal knife-edges. 

(iv.) The arrestment of the beam and load, 
(v.) The methods of measuring the deflection 
of the beam, when released. 

(i.) The Design of the Beam . — The design of 
the beam is the fundamental, but by no means 



the only, factor controlling the accuracy 
obtainable from the balance, and the first 
consideration is its shape. Since it is essential, 
in order to obtain high sensitiveness of swing, 
that the weight of the beam should be as small 

as possible, con- 
sistent with strength, 
relatively to the 
loads weighed from 
its extremities, the 
simple forms shown 
in Fig . 2 (a), (6), and 
(c) have been used. 

They are of double 
triangular shape, and 
the equilateral form 
in Fig. 2 (c) is theo- 
retically ideal for 
combining strength 
with lightness. 

At first thought, it 
would appear that a 
long-beam balance would be preferable to a 
short-beam one on account of its greater sensi- 
tiveness ; but it will be shown in § (2) that 
long beams are inseparably connected with 




relatively long periods of swing, an important 
item in general work, if not also in work of 
special precision. Moreover, given the weight 
of the beam, the longer its arms the greater 
the bending of the beam under the load to be 
weighed. The importance of this will be shown 
in § (2) when the performance of the balance is 
considered in connection with the relative posi- 
tions of the central and terminal knife-edges. 
Experience has shown that for balances which 
are required to weigh, in air, loads less than 
1 kilogramme, the sides of the triangular frame 
formation shown in Fig . 2 (a), (6) should, as a 
first approximation, be of the same order of 
magnitude, and the beam should be about 
6 or 7 inches in length. Other considerations 
which influence the exact shape of the beam 
are : 

(a) The position of the centre of mass of 
the beam, which in its working condition 
must lie very close to the central knife- 
edge- The beam is clearly unstable if 
its centre of mass lies above the fulcrum 
knife-edge. 

(b) The approximate positions of the 
terminal knife-edges, whether outside or within 
the triangular framework. 

(c) The provision of a graduated rider-bar 
to enable very small adjustments of load to 
be made with the same rider weight. Fig. 3 
shows a form of beam which is in use both in 
England and in other countries. 

This general shape is to he recommended 
as giving a satisfactory working analytical 



balance for chemists and physicists, in which 
good sensitiveness is obtained, together with 
a reasonably quick period of swing. The 
various modifications of shape of the beam 
employed by instrument makers can he seen 
from their catalogues. In some designs the 
problem of obtaining maximum strength con- 
sistent with lightness does not appear to have 
received sufficient attention. 

Interesting particulars as to the amount of 
bending of beams of different shapes, under a 
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given load, are shown by Felgentraeger. 1 It 
is estimated that the vertical depression of 
the terminal knife-edges for a beam like that 
shown in Fig . 3 lies between 0-01 and 0*001 
mm. for th© maximum loads used on ordinary 
analytical balances. 

A shape of beam very largely found in 
balances which are used for loads of 1 kilo- 
gramme and upwards is shown in Fig . 4. 



Fia. 4. — General Design of Beam for Heavy Loads. 


The material of which balance beams are 
constructed should be of a low specific gravity, 
combined with high rigidity. The older 
balance beams were made of brass or bronze, 
but the production of aluminium alloys of 
Relatively high rigidity has in recent years led 
to the more general use of magnalium. 2 (or 
other light alloys) in the construction of 
- beams. Its density is less than one-third that 
of brass, while there is no sacrifice of rigidity 
by its introduction. It is desirable that 
the beam should not tarnish with age. In 
this respect magnalium is also better than 
brass, but if considered necessary, the beam 
should be covered with a protective coating, 
platinising being the most stable and suitable 
process. 3 

It is more usual to make the beam in one 
piece rather than build it up from rods. 
Most frequently made -of cast metal, the beam 
should be well annealed so as to minimise 
strains and distortion. Generally speaking, 
the simpler the form, the more likely the beam 
is to be free from strains due to variations of 
temperature during the use of the balance. 
It is now possible to "cut down the weight 
of a magnalium beam to approximately 100 
grammes, or even less, for a balance required 
to take loads up to 1 kilogramme. In com- 
mercial balances, where extreme sensitiveness 
is not required, the beams are made either of 
steel or of a copper alloy. 

Adjustment of the ^Centre of Gravity of the 
Bearn . — It need hardly be remarked that the 
beam should be made as truly symmetrical as 
possible. The approximate position of its 
centre of mass can be prearranged by calcula- 
tion, but when th© knife-edges and other 

1 Theorie, KonstruMion und Gebrauch der feineren 
Hebelwaoe , published by Yon B. G. Teubncr, Leipzig 
and Berlin. 

2 An alloy consisting approximately of 86 per cent 
aluminium with 13 per cent magnesium. 

3 Both gilding and lacquering are open to some 
objection as a protective coating. 


attachments to the beam are fixed, it is 
necessary to have two fine adjustments, viz. : 

(a) The stabiliser nut, often known as the 
fiC gravity bob.” This works on a vertical 
screw thread situated in th© plane of symmetry 
of the beam, and allows of sufficient adjust- 
ment of the vertical position of the centre of 
mass of the beam. 

( b ) The equilibrium nut (or nuts), working 
on a horizontal screw thread, and enabling 
the beam to take up a suitable position of 
equilibrium. 

(ii.) Knife-edges. — The functions of the 
three knife-edges of a balance are important. 

In the first place the knife-edges must he 
straight, so that the load may be applied along 
a straight line. They must also be hard, 
and not tarnish, nor collect any extraneous 
deposit. 

These conditions are best realised, in all but 
the largest balances, by the crystal knife- 
edges made of agate or rock-crystal. Agate 
knife-edges with agate bearing -planes ai*e now 
almost universally to be seen in chemical, 
analytical, and laboratory balances which 
withstand loads 
up to a few kilo- 
grammes. Above 
this load, steel 
knife-edges have 
been most fre- 
quently used, 
generally with 
steel bearing- 
planes, but some- 
times with agate 
planes. It is de- 
sirable in these F m A 

cases to use the 
more non-rusting 

varieties of steel, but in any case, great care 
should be taken to preserve the cleanness of 
the knife-edge. The possible influence of 
extraneous magnetic fields 
on a beam containing steel 
knife-edges should not be 
overlooked when high pre- 
cision is required. 

Th© diagrams (Figs. 5 a 
and 5 b) show the angular 
shape of the agate knife- 
edge as employed in bal- 
ances nowadays. The actual 
knife-edge is th© intersection 
of two plane faces inclined 
at an angle of about 120° as 
shown. 

It should be remarked at 
once that the knife-edge as 
employed in practice is only 
an approximation to the theoretical or mathe- 
matical ct straight-line ” bearing, the degree 
of approximation depending on the load to 



. 5A. — Sectional View of 
Agate Knife-edge mounted 
in Brass Triangular Block. 



Ft g. 5b. — E nlarge d 
Sectional View of 
Agate Knife- 
edge before being 
mounted. 
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be taken by the knife-edge. The virtual 
bearing part of the knife - edge is, in the 
limit, a very thin band of surface, the exact 
location of which is to a small extent vari- 
able along the knife-edge, depending on the 
exact manner of suspension of the load. 
The consequences of this departure from the 
cc mathematical ” knife-edge will be discussed 
under § (3). 

The actual fixing of the knife-edges in the 
beam requires considerable care, and the best 
adjustment of their positions demands much 
patience* Strictly speaking, four conditions 
have to be satisfied, viz. (1) fixing the central 
knife-edge square with the plane of the beam : 
(2), (3), (4) fixing the terminal knife-edges 
parallel to, equidistant from, and coplanar 
with the central one. Accordingly, full adjust- 
ment should be provided to enable these con- 
ditions to be fulfilled. 

Usually no adjustment is provided for the 
central knife-edge, which is dovetailed and 
cemented into a metal holder which is either 
part of the beam or else is rigidly fixed to it. 
The knife-edge on being cemented is set as 
nearly as possible at right angles to the plane 
of the beam. The most difficult and tedious 
part of the adjustment concerns the terminal 
knife-edges. A typical mode of attachment 
for English balances is shown in Fig . 6. 

This form of attachment does not provide 
a slow vertical adjustment of the knife-edge. 



Pig. 6. — Typical Mode of Attachment of Terminal 
Knife-edges in English Balances. 


The effective length of an arm of the balance, 
as well as the parallelism of the knife-edges 
in their horizontal plane, can be adjusted by 
means of the screws. A, B, bearing normally 
against one side of the knife-edge block, while 
the knife-edge is held in position by one or 
more screws, C, passing through a slotted hole 
in the beam. Equality of arms is determined 
by the balance itself, and is secured either by 
weighing two masses which are known to be 
identically equal, or, if equality of mass is 
not obtainable, by interchanging the loads on 
the two pans, and comparing the equilibrium 
points. Lack of parallelism of the knife-edges 


may be evident in two ways, either in a hori- 
zontal or in a vertical direction, and can be 
tested by weighing with the load on one arm 
suspended so as to bear only on one part of 
the knife-edge. A mass is thus suspended 
from one end (say the front end) of a terminal 
knife-edge and counterpoised by a mass 
suspended from the other arm of the balance. 
By next suspending the first mass from the 
other end of the knife-edge, and counterpoising 
against the mass suspended from the other 
arm, the lack of parallelism of the knife-edge 
in the horizontal direction can be detected. 
Parallelism in the other direction can be tested 
by noticing whether there is a change of 
sensitiveness of the balance when the bearing 
of the suspension is transferred from the front 
to the back portion of the knife-edge. The 
effect on the sensitiveness of the balance due 
to the three knife-edges not being exactly 
coplanar will be seen in § (2). 

An alternative form of attachment of the 
terminal knife-edges is used on balances made 
by Sartorius, of Gottingen, and is shown in 
Fig. 7. 

It permits of full rotary and translatory 
adjustment of the terminal knife-edges of the 



FIG. 7. — Form of Attachment of Terminal Knife- 
edges made by Sartorius, of Gottingen. 


balance whenever required in the laboratory. 
The agate knife-edge itself is fixed in a metal 
casing which can be set in correct position 
around the end of the beam by means of a 
number of screws. The scope of the adjust- 
ment can be seen from the diagram. In effect 
the various screws provide both a fine and 
an extra-fine slow motion. For example, the 
screw 1 gives a slow-motion adjustment for 
the length of the arm, while the screws, 
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2 and 3, can be utilised to give an extra-fine 
slow motion. 

For work of the highest precision with the 
balance, the provision of these fine adjust- 
ments in position of the terminal knife-edges 
is certainly appreciated. In many balances 
made for low precision work, all three knife- 
edges are dovetailed or otherwise fixed to the 
beam, without means of readjustment. 

(iii.) Balance Pans and Suspension Stirrups . 
— If the balance is required to give the highest 
accuracy, special consideration should be 
given to the means of suspension of the load. 
Since each terminal knife-edge is not a mathe- 
matically sharp edge, but a blunt or rounded 
edge in the limit, it is clear that the length 
of the arm will not he consistent, beyond 
certain limits, unless the load is applied at 
the knife-edge in a precisely consistent manner. 

In the more familiar types of analytical 
balance used in this and other countries, the 
agate plane which bears on a terminal knife- 
edge is mounted in a metal stirrup which 
has at its lower end a hook or an eye-hole 
from which the balance pan hangs. The pivot- 
ing of the balance pans is necessary as a 
preliminary step to secure that the apparent 
weight exerted by the load shall be independent 
of its exact position on the pan. If this were 
not so, the agate plane would not remain 
horizontally on its knife-edge. 

Owing, however, to the finite size of the 
pivoting, the load is not transmitted through 
the pivot in exactly the same way each 
time, and, as a result, the agate plane may rest 
in a slightly inclined position, which for sake 
of illustration is exaggerated in the diagram 
(Pig, 8), where W represents the total load on 



TIG. 8. — Showing the Forces acting at a Terminal 
Knife-edge when the Agate Bearing-plane is 
slightly inclined to the Horizontal. 

a terminal knife-edge, i.e. the resultant weight 
of the stirrup, the pan, and the load on the 
pan ; R is the normal reaction between the 
knife-edge and the agate plane ; /xR is the 
frictional force between knife-edge and plane. 

Balances which have their pans suspended 
by the usual kind of hook-and-eye pivot may 
be relied upon to maintain a consistency of 
length of effective arm to within one part in 
a few million, if other sources of error are 


absent, provided that the loads are placed 
reasonably centrally on the pans. For work 
of the highest precision* increased accuracy 
may be obtained by inserting, between the 
stirrup and the pan, either a pair of knife- 
edges placed transversely or, in the case of 
small loads, a hollow cone resting on a conical 
point. 

This idea is by no means new, and has 
been employed in national laboratories more 
particularly for the accurate maintenance of 
standards of mass. The platform of a balance 
pan should be sufficiently stout not to yield 
appreciably under the load applied. 

(iv.) The Arrestment of the Beam and Pctns 
and Suspension Stirrups . — In the average 
analytical balance, three parts require arrest- 
ment. The central knife-edge of the beam 
should be raised a short distance out of 
contact with its hearing plane, and it is 
desirable to raise the suspension stirrups a 
little in order to remove the load on the 
terminal knife-edges- Further, it is usual 
to provide an arrestment for the pans so as 
to facilitate loading and unloading, and to 
steady them, lest by ^ swinging they should 
interfere with the oscillations of the beam 
when released. 

The arrestment should enable the beam 
and stirrups to be raised so that the respective 
knife-edges are just clear of their agate bearing- 
planes, the margin of clearance being uniform 
throughout the length of a knife-edge. (In 
practice *xV to vV mm. would be a suitable 
clearance for the average balance. The 
amount of clearance at the central knife- 
edge should he somewhat larger than this.) 
It is important th at the arrestment and release 
of the beam, etc., should be arranged to be 
made precisely and consistently each time. 

In the first place, the beam, and the sus- 
pension stirrups should both be fixed, definitely 
in position when arrested. This is well done 
by the hole, slot and piano ” method of 
one maker. If an arrangement of this nature 
is properly adjusted so that the margins of 
clearance at the knife-edges are uniform when 
the balance is arrested, and the suspension 
stirrups ride symmetrically on their respective 
knife-edges when the balance is released, the 
chances of inconsistent length of arm. due to 
tilting of the suspension stirrups ought to be 
minimised as far as the design of the arrest- 
ment is concerned. 

It should be noted that the majority of 
English balances do not allow of absolute 
fixing of the beam and stirrups in arrestment, 
but provide only tc two-point ,5 support, 
instead of the “ hoie, slot and plane ” support. 
This means that each item arrested is allowed 
a certain amount of rotation about the line 
of the two -point support, with the result that 
the beam when arrested may take up a 
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position with one of its terminal knife-edges 
in contact with an agate plane. 

The mechanical gear for operating the 
arrestment is sufficiently familiar to users of 
the balance to render detailed description 
unnecessary. A cam operated by a milled 
wheel outside the balance case raises or lowers 
a vertical frame which carries the arresting 
stops or points. The same motion raises or 
lowers pan-supports, which are in good adjust- 
ment when they just touch the under surface 
of the pans as the arrestment is completed. 
Sartorius has improved on this 
simple form of arrestment. 

Users of his balances will be 
familiar with the manner in 
which he has obtained increased 
consistency and precision of 
arrestment. 

(v.) Methods of determining 
the Deflection of the Beam . — 

Four methods may be employed 
to measure the amount of deflection of the 
beam of a balance. These make use of — 

(а) The familiar balance pointer, moving 
over a suitable scale. 

(б) A microscope or telescope. 

(c) An optical lever. 

( d ) A combination of mechanical and optical 
magnification. 

(a) The Pointer Method. — This is the usual 
method of determining the equilibrium position 
of a balance when more than ordinary precision 
is not required. Its operation is too familiar 
to need description, and it is sufficient to say 
that by this method the deflection of the 
beam may be measured “with an accuracy of 
1/ or 2' (minutes of arc) without using optical 
means. 

The pointer scale is usually a fixture, and 
an adjustment is made by means of a small 
nut on the beam in order that the rest point 
of the balance, at zero load, should be at the 
centre of the scale. 

M‘I)owall 1 has suggested making the 
pointer scale adjustable to the rest position 
of the pointer. This may be arranged, if 
required, so that the adjustment can be made 
without having to open the balance case. 

( b ) By Microscope or Telescope ( without 
other optical means of magnification ). — In this 
case the microscope or telescope is focussed 
on a small scale rigidly attached to the 
ordinary pointer of the balance, and can 
be used to read the deflection of the beam 
to approximately 10 seconds of arc, i.e. 
with a precision of about ten times that in 
case (a). 

A telescope is preferable to a microscope, 
in general, because wherever the precision 
required is sufficient to justify the use of 
optical means, it is desirable to read the 
1 Chemical News , 1906, xciv. 104. 


balance at a distance in order to avoid tempera- 
ture disturbances due to the nearness of the 
operator to the balance. 

(c) By Optical Lever . — This method is re- 
commended when balance work of the highest 
precision is to be done. It is specially suited 
to the accurate standardisation of weights, 
and is employed for this purpose at the 
National Physical Laboratory. 

A thin vertical wire, W, is placed in a beam 
of light from a lantern, L {Pig. 9), containing 
a Pointolite lamp (100 volts 100 watts), and 


the rays, directed towards the balance, pass 
through a reflecting prism, P, on to a hori- 
zontal plano-concave lens, M, rigidly fixed to 
the beam of the balance “with its concave sur- 
face upwards. The plane surface of this lens 
is silvered so that the beam of light after 
reflection at this mirror is returned through 
the reflecting prism and given an exit through 
the front of the balance, with the result that 
an image of the wire can be formed at any 
suitable position, depending chiefly on the 
focal length of the lens M. 

By arranging the focal length of M to be 
equal to the optical path of the beam of light 
from W to the lens, the image can be obtained 
in the same vertical plane as the object-wire 
W. At the National Physical Laboratory, 
where a number of balances are fitted with 
this kind of optical lever as indicator, the 
object- wire, W, and its image, S, are arranged 
to be at a distance of about 5| metres (i.e. the 
length of the room) from the balance. The 
image S is brought to a focus on a white- 
cardboard scale subdivided in intervals of 
2 mm., which gives a convenient spacing for 
estimating the position of the image with 
a precision of -I mm., corresponding to an 
angular deflection of the beam equal to 
4 seconds. This amount of magnification 
enables the smaller balances (say, those with 
load not exceeding a kilogramme) to be read 
with a precision equivalent to a few millionths 
of a gramme, which exceeds the accuracy 
generally obtained with a balance. Conse- 
quently this optical method of reading de- 
flections is specially suitable to the examina- 
tion of the errors inherent in balances. 

It may be remarked on referring to Pig. 9 
that, as an alternative, the lens M may ho 
replaced by a small plane mirror attached to 
the beam, together with a transparent convex 



Tig. 9. — Diagram of the Optical System employed in the 
accurate reading of Balances, (Side Elevation.) 
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lens of practically the same focal length as 
before, mounted in front of the reflecting 
prism. Such a course is preferable in the 
case of a small assay balance* as it is difficult 
to obtain a small silvered lens giving suffi- 
ciently accurate focal length and good defini- 
tion, whereas it is easy to obtain a small and 
very light optically-plane mirror. 

If considered desirable* the lens or mirror 
at M may be pivoted * so as to facilitate 
adjustment of the position of the image 
on the scale, but the adjustment may 
equally well be obtained by providing the 
reflecting prism with the requisite slow 
rotations. 

In any case it is essential that the com- 
ponents of the optical system employed should 
be made as perfect as possible if a well-defined 
image is to be produced at a distance of six 
yards from the balance. Attention should* 
therefore* be given to the lens* mirror* reflect- 
ing prism, and any plate glass through which 
the beam of light has to pass* so that their 
respective surfaces should be finished and 
polished to a high degree of accuracy. 

Note . — Another modification of the method of 
reading angular deflections by optical lever makes 
use of a telescope in conjunction with a scale (as 
object) and a plane mirror which is fixed to the 
balance-beam and interposed in the optical path 
from the object scale to the telescope. For comfort 
in reading, the method illustrated by Fig . 9 is pre- 
ferable, while it also yields ample sensitiveness, 

( d ) By Combined Optical and Mechanical 
Magnification ( special case). — The following 
method is applicable in a limited number of 
special cases only. It deserves to be more 
generally known and applied for the detection 
of small motions ; and is particularly interest- 
ing as it was used by the late Professor 
Poynting 1 in his classic experiments on the 
c< Determination of the Mean Density of the 
Earth and the Gravitation Constant. ” With 
a load as big as 20 kilogrammes on each arm 
of his balance* Poynting was able to measure 
small changes in weight of the order milli- 
gramme to within an accuracy of + 0*006 
mg.* i.e. to within one part in three billion 
of the load. 

His method of reading the deflection of the 
balance beam was to use a double suspension 
mirror* M ( Fig. 10), as an optical lever in con- 
junction with the ordinary balance pointer, P. 
The mirror was suspended by two threads, 
one from a fixed point, the other from a point 
which moved with the swing of the balance 
pointer. The general arrangement is shown 
in Fig . 10* but reference should be made to 
Poynting’s 2 account for details of his arrange- 
ment. The sensitiveness of this method was 

1 Phil. Trans., 1891, olxxxii. 505. 

2 Loe . cit t 

von. in 


so fine that an angular motion of second 
of arc could be reliably measured. 



Fid. 10. — Diagram illustrating Poynting’s Method 
of measuring Small Changes in Weight. (Side 
Elevation.) 

Note . — In order to obtain this extreme accuracy, 
it was necessary that the balance beam should not 
be arrested during the course of a set of readings. 
In other words, a massive balance, resting in equi- 
librium on its central knife-edge, was used to measure 
a small change in weight with great accuracy. 

§ (2) General Theory op Static Equili- 
brium of the Equi-arm Balance. — It is not 
the intention here to present a detailed 
theoretical investigation of the perform- 
ance of a balance which would take into 
consideration the errors due to imperfect 
positioning of the three knife-edges. Within 
the limits of this article full justice could not 
be done to this subject. It is proposed to give 
a comparatively simple fundamental analysis 
of the performance of the balance, and then 
to consider in a general way the effect of such 
errors of workmanship or adjustment of the 
balance as are not covered by the simple 
theory. This manner of treatment of the 
subject would cover all ordinary require- 
ments of the balance and also suffice for 
work of high precision* but in cases where 
extreme precision is required (as in the 
maintenance of the national standards of 
mass) reference should be made to the excel- 
lent detailed contribution by Thiesen, 3 entitled 
“ Etudes sur la balance. 5 ’ 

Simple Theory.— The following assumptions 
will be made in this investigation : 

(1) That the three knife-edges are all 
horizontal, and parallel to one another. 

(2) That the effective lengths of the arms of 
the balance are equal and invariable. 

3 Bee Travaux et Mdmoires , Bureau Inter national, 
1886, tome v T 
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In the diagram [Fig. 11) let 

D denote the fulcrum knife-edge. 

A, B denote the terminal knife-edges. 

C denote the mid-point of AB. 

S denote the centre of gravity of the beam alone. 



moving system, when balanced, may 
written 


[2(P + Q)(« 2 + Z 2 ) + GK 2 ] X + 


lb© 


+ </[Gs + 2ct(P-f Q)] x<f>=z 0, 


where the coefficient of d 2 p/dt 2 is the moment 
of inertia of the whole system about the ful- 
crum, and the expression f(dpfdt) represents 
the resistance of the air to the motion of the 
beam. Hence the period t of swing of the 
balance is 


9 / 2 ( p + Q)(« 2 + l' 1 ) + G H“ 

V y{G«+- 2«(P+Q)| : ’ 


( 2 ) 


that is 


2-rr 

—7= x 

Jig 



Sensitiveness x moment of inertia 
of the moving system. 


(It is here assumed that DCS is perpendicular to 
AB. This is done for simplicity, since in practice 
the distances CD and SD are very small compared 
with AB.) 

Let 

Z = AC=CB=tho length of each arm of the 
balance. 

O D«a. 

SD-* 

0 = angle of inclination of tho beam to the 
horizontal. 

G = mass of beam alone. 

Q=mass of each pan with suspension stirrup 
(supposed the same for left and right pans), 
P=load in right pan. 
p-f-3=load in left pan. 

(7= the acceleration due to gravity. 

By taking moments of the vertical forces 
about the fulcrum D, 

G. 5 -sin </>- b (F+-Q)(Z cos 0 + a sin <f>) 

= (P+ Q+ z)[l cos 0 - a sin 0), 

sin 0[G& + 2a(P 4- Q) H- za] = Z . z . cos 0, 

. \ tan p - Q S + 'a[2(P+ Q)Vz]' 

To within tho accuracy with which tho 
sensitiveness of a balance is measured, there 
is no difference between tan 0 and <f> 9 while z 
is very small compared with (P-hQ), and may 
be omitted from the denominator. 

The sensitiveness of a balance is defined as 
the rate of increase of the deflection of the 
beam for a given additional load on one pan, 
i.e. it is equal to 3 <p>jdz 

„r sensitiveness =q s + (l[2 ‘ ( p + Q)] - (D 

If GK 2 is the moment of inertia of the beam 
alone about the fulcrum I>, K being the radius 
of gyration, the equation of motion of tho whole 


Sensitiveness x moment of inertia 

t* __ of the whole moving system 

4 Length of arm of balance x length' ^ 
of simple pendulum which beats 
true seconds 

The performance of a balance may therefore 
be summed up as follows, with the help of 
equations (1) and (2) : 

(a) If the three knife-edges are ooplanar 
under all conditions of loading of the balance, 
the sensitiveness is independent of tho load. 
This condition is not fully realised in practice 
owing to the bending of the beam under load. 

( b ) For a beam with its three knife-edges 
exactly ooplanar so that a is zero, increased 
sensitiveness is obtained by reducing G and $, 
i.e. : 

(i.) By making the beam as light as possible 
consistent with strength, and 

(ii. ) By diminishing the distance of the centre 
of mass of the beam from tho fulcrum knife- 
edge. 

(Instability of the moving system is, of 
course, to be expected when the centre of mass 
lies above the fulcrum.) 

(c) If the fulcrum knife-edge lies just below 
the plane through the terminal knife-edges, 
so that a is negative, the denominator in the 
expression to the right of equation (1) can bo 
made smaller than it would be if the throe 
knife-edges were ooplanar. 

Hence increased sensitiveness may bo 
obtained in this way, but greater variation 
with load is found as compared with the beam 
which has its knife-edges lying in the same 
plane. 

The increase (or decrease) of sensifciveneHB 
with increase of load may bo used as a criterion 
of the position of tho central knife-edge with 
respect to tho piano through the terminal ones. 

The question as to whether a long beam 
is preferable to a short one is a compromise 
between tho following considerations. 
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(i.) For a balance designed to take a given 
load, an increase in the length of the beam is 
inevitably accompanied Tby an increase in its 
mass. Much depends on the proportionate 
increase of l and G. 

(ii.) For a beam of given mass, the stiffness 
is considerably diminished Tby increasing its 
length. Consequently the ideal condition of 
obtaining coplanar knife-edges for all loads is 
less likely to be satisfied by a long beam. 

(iii.) Even if the mass of the beam is kept 
constant, an increase in the length is accom- 
panied by an increase in the moment of 
inertia of the moving system (i.e. of beam 
and load), and, therefore, by an increased 
period of swing. 

(Note . — In the final choice of length of beam, 
other questions are involved, such as the degree of 
invariability of the effective length of the balance 
arm, and the uneven distribution of temperature 
along the beam.) 

Nearly all balances are provided with a 
stabiliser nut or adjustment for raising or 
lowering the centre of gravity of the beam. 
For a given balance beam, increased sensitive- 
ness is only obtained at the expense of in- 
creased period of swing. (At the same time 
a good compromise may be obtained by keep- 
ing a relatively quick period of swing and 
reading the deflection of the beam with greater 
precision, say, by optical methods.) 

The following table indicates the perform- 
ance of a standard type of sensitive analytical 
balance by a well-known English maker : 


Position of 
Stabiliser 
Nut. 

Load on 
each Pan. 

Criterion of 
Sensitiveness of 
Balance. (Value 
of 1 Division of 
White Seale within 
Balance Case.) 

Period of 
Complete 
(to and fro) 
Swinjg of 
Balance. 


grru. 

grru. 

80C. 

A 

0 

0 *0008 

13 

Low ( in ostj 

100 

0 *0008 

21 

stable) | 

200 

! 0*0008 

28 

r 

0 

I 0 *0005 

17 

Mean . < 

100 

0*0005 

28 

l 

200 

0*0005 

36 

, , ( 

0 

! o-oooi 

33 

High (leastj 

100 

0-0001 

53 

stable) ^ 

200 

! o-oooi 

63 


Note. — -(I.) The value given in the third column of 
the above table is the mass required to bo added to 
one pan of the balance in order to change the rest 
point by one division of the scale. The smaller the 
value given, the more sensitive the balance. 

(2) The scale referred to above was one of the 
usual millimetre scales read by a pointer about 10 £ in. 
long. One division thus corresponds to an angular 
deflection of the beam equal to about l °. 

The above particulars refer to a balance of 
the type shown in. Fig . 1 with a beam of light 
aluminium alloy weighing about 50 grammes. 


Calculations made from the observed values 
of the sensitiveness and period of the balance 
under various loads show that the distance of 
the fulcrum knife-edge from the plane through 
the terminal knife-edges is about 0*0002 inch, 
while the distance of the centre of mass of the 
moving system below the fulcrum varied 
from 0*001 to 0*01 inch according as the high 
or low position of the stabiliser nut was used. 

'The period of the balance should he regu- 
lated, in consideration of the above table, 
according to the nature of the weighings to 
be made, and the accuracy required* 

Where work of the highest precision is not 
essential, it is an obvious advantage to use 
the balance in its condition of quickest period. 
A to and fro period of 13 seconds is sufficiently 
long to enable observations to be taken com- 
fortably. The least stable position is not very 
useful as, owing to great sensitiveness, balance 
cannot bo obtained unless the loads to be 
compared have very nearly the same weight. 
A difference in load of 1 milligramme is 
sufficient in this case bo send the pointer off 
the scale. 

§ (3) Errors and Limitations of trie 
Balance.— The high magnification obtainable 
by present-day optical methods of reading 
the deflection of the balance beam makes 
imperfections of the balance all the more 
prominent ; but with the ordinary method 
of reading by means of a pointer attached to 
the beam, it is noticeable at times that 
irregular changes occur in the rest point of the 
balance even when unloaded. A number of 
causes, all contributing to a greater or loss 
extent in limiting the performance of a balance, 
will now be considered. 

In the first place it will be assumed that 
the balance in question is of normal type, say, 
an analytical balance, without any optical 
refinements for work of highest precision. 
Such a balance can readily be obtained with 
a sensitiveness of J or 1 milligramme per 
division, ?'.e. a change of load of A- or 1 mg. in 
one pan causes a deflection of 1 division 
(usually I millimetre) of the scale over which 
the pointer swings. The user of this balance 
will be able to read the deflection of the pointer 
with a precision of hr division corresponding 
to i d rag., or at best F# mg. 

In general this precision in reading the 
balance will represent the accuracy of weigh- 
ing, if 

(1) The usual buoyancy allowances arc cor- 
rectly applied. 

(2) The weights used in the process of 
weighing are accurate, or their errors from 
nominal values correctly allowed for (see Part 
II. § (7) for further reference to standards of 
mass), provided that due care is taken in 
checking the rest point of the balance from 
time to time. This raises a question which 
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has concerned chemists and analysts for some 
time. 

The rest point (i.e. the equilibrium position) 
of an unloaded balance varies somewhat from 
time to time, so that during a series of weighings 
by counterpoise method, i.e. with a constant 
mass on one pan, discrepancies of the order 
^ to 1 mg. would occur in the weighings unless 
the rest point were checked corresponding to 
known conditions. 

These discrepancies are, partly, of a regular 
nature, though unexplained changes seem also 
to have troubled balance-workers. 1 

Whether regular or irregular, the errors 
may be classified under two main headings : 

(a) Changes in effective length of the arms 
of the balance brought about by 

(1) Slightly different position of contact 
between a terminal knife-edge and the suspen- 
sion stirrup. 

(2) Thermal expansion of the arm. 

(3) Bending of the arm with change of load. 

(4) Other small movements in the knife- 
edge holders. 

(b) Changes in the atmospheric conditions 
within the balance case, as affecting the 
buoyancy of the parts of the balance, more 
especially the load. These changes are chiefly 
thermal, but may be influenced by changes in 
atmospheric pressure and humidity within 
the balance case. 

(i.) Thermal Effects. — Consider first the 
thermal effects on the beam and pans. Unless 
the distribution of temperature within the 
balance case is absolutely uniform, the arms 
of the balance beam, though assumed perfectly 
symmetrical, will vary in length in a manner 
which renders exact allowance for it trouble- 
some. A straightforward calculation shows 
that the total upward force on an arm of the 
beam due to atmospheric buoyancy is approxi- 
mately 0-006 gramme for an average sensitive 
analytical balance, while buoyant force on a 
suspension pan, including stirrup but no load, 
is also about 0-006 gramme. 

A change in temperature of T \° C. corre- 
sponds to a change in air density of 1 part in 
3000, if pressure and humidity are constant, 
and since differential variations in temperature 
between the left and right arms or pans of the 
balance do not, in general, exceed one or two 
tenths of a degree (Centigrade), any change 
in rest point of the balance due to atmospheric 
buoyancy must be due to differential buoyant 
forces on the load only, and these would in the 
ordinary way be allowed for by making the 
usual buoyancy correction. 

There still remains to be considered the 
thermal expansivity of the beam. If the 
material of the beam is of light alloy, e.g . 
m agnali urn, a coefficient of linear expansion 
0*000024 per 1° C. may be assumed. 

1 ( 'hem. Sac. J. Trans., 1917, cxi. 1035-1039. 


In weighing a mass approximately equal to 
100 grammes, a difference of T 0. between 
the temperatures of the arms would correspond 
to a change of 0-000024 gramme in the appar- 
ent weight. This degree of uniformity of 
temperature is not readily attainable. 

It is difficult to measure temperature within 
a balance case to within ±0°-02 C. with the 
best mercury thermometers. If the tem- 
perature distribution around the beam is 
steady, the error can be eliminated by double 
weighing. Very often there is a small but 
persistent gradient of temperature parallel to 
the beam, but, in addition, there are fluctuating 
changes of the order 0°-02 C., which, however, 
may be considerably diminished by screening 
the beam from the pans by means of a hori- 
zontal partition which divides the balance 
case into two chambers : 

(a) The upper one containing the beam : 
this is kept undisturbed as far as possible from 
external influences. 

(b) The lower chamber, containing the 
suspension pans and load : the temperature 
distribution within this part of the balance 
case is more susceptible to fluctuations owing 
to the practical necessity of opening the case 
in order to change the load. 

Manley 2 has investigated this matter in 
some detail with the aid of a sensitive bolo- 
meter for measuring small temperature changes 
within the balance case. Particulars are given 
by him as to the relative amounts of tem- 
perature fluctuation in balances with and 
without protected beams. 

There is one other thermal effect which 
deserves attention. It appears in the existence 
of a temperature coefficient to the rest point 
of a balance at a given load. This has probably 
been noticed by regular workers with the 
balance, but its explanation is to some extent 
elusive. The amount of the thermal change 
per 1° 0. is approximately of the order I to 
10 parts in one million of the load applied, 
according to the balance. As far as can be 
judged from the behaviour of several makers’ 
balances, all seem to have an appreciable 
coefficient, which is not necessarily perma- 
nently constant. 

Manley 3 has investigated the thermal 
behaviour of a number of balances, and asserts 
that the change in rest point dxi© to a uniform 
change in temperature of the balance cannot 
be traced to 

(a) slight differences in the flexures of the 

two arms of the balance as the tem- 
perature varies, nor to 

(b) different coefficients of thermal expan- 

sion of the two arms, 

but attributes the phenomenon to small 
irregularities in the movements of the several 

2 Phil . Trans., 1910, cex. 387. 

3 Roy. Soc . Proc., 1912, lxxxvi. 591. 
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groups of screws together with their associated 
knife-edge blocks* 

It is indeed advisable, owing to incon- 
sistencies in thermal behaviour, that the beams 
of new balances should be suitably aged, like 
other precision instruments, before being 
relied, upon to give trustworthy values of the 
highest order of accuracy. 

(ii. ) Further Causes of Changes in the 
Effective Length of the Arms of a Balance . — 
When it is considered that a standard pattern 
sensitive analytical balance is capable of 
weighing 100 grammes with a precision of 

mg., i.e. to an accuracy of 1 part in one 
million, it is readily realised that the relative 
lengths of the arms of the beam are consistent 
to this degree of refinement, i.e . to within 
three-millionths of an inch on a 3-inch arm. 

As remarked under § (1), the virtual bearing 
part of a u knife-edge ” is not a mathematical 
line, but a band of finite width the evenness 
of which depends on the accuracy with which 
the knife-edge has been ground and polished. 
In a badly made knife-edge the surface of 
contact may be irregular instead of being a 
straight band, and the effective length of the 
balance arm may beam reliable in consequence. 

It is therefore an additional security for 
high precision weighing if the stirrup can be 
designed so as to give absolute freedom of 
suspension of the load at each terminal knife- 
edge. This has been referred to in § (I). In 
order to secure sufficient consistency of length 
of arm for accurate weighing, it is essential 
that the agate bearing-plan© should not vary 
appreciably in angular position. It is there- 
fore very important that careful attention 
should be paid to the design of the arrestment, 
particularly at the terminal knife-edges. 

One other source of possible inconsistency 
of arm is clearly due to the presence of dust 
or dirt at a knife-edge bearing. This may 
cause errors of weighing with the best knife- 
edges, ©specially if they are not set accurately 
parallel to the fulcrum knife-edge. 

The possibility of unequal bending of the 
two arms of the beam under load has often 
been suggested as a cause of error in precision 
weighing, but in a well-designed balance the 
total bending of an arm for the maximum 
load is very small, e.g. of the order 0-0002 
inch. This amount is too small to produce 
a considerable shortening of the arm in 
consequence. 

An estimate of the amount of bending can 
be made by means of the formula (2) in § (2) ; 
for if the period of the balance is observed 
corresponding to several different loads, the 
vertical distance of the fulcrum knife-edge 
from the plane through the terminal knife- 
edges can be calculated from a knowledge of 
the mass and length of the beam, and the mass 
of the suspension stirrup and pan. 


(iii.) Effect of Buoyancy of the Air on the 
Apparent Weight of a Body . — The necessity 
for making due allowance for the upward 
buoyant force of the atmosphere on the body 
to be weighed is too well known to require 
special emphasis here ; but reference may be 
made to cases where high accuracy in the 
application of the buoyancy correction is 
required. The upward buoyant force on a 
body is equal to the weight of air displaced 
by it, i.e. equal to its volume x the atmo- 
spheric density. Whenever desired, the volume 
can generally he obtained with sufficient 
accuracy, but the ©valuation of atmospheric 
density, unless there are experimental means 
of determining it, requires a knowledge of the 
three items : 

(1) Temperature of the air within the 
balance case. 

(2) Pressure of the air within the balance 
case. 

(3) Humidity of the air within the balance 
case. 

It is usual, in many operations, to assume 
a specific value of the humidity of the air, 
and 66|- per cent is accepted in some branches 
of work as a good’ average value. Table IV., 
§ (19), of air densities, at the end of the 
article, is based on this assumed value of 
the humidity. It should be noticed that, 
given the temperature and pressure, the 
densities of perfectly dry air and of air 
saturated with water vapour differ by about 
1 part in 200 at ordinary temperatures. 
In cases where a proportionate accuracy 
exceeding 1 part in 400 is aimed at, it is 
desirable to determine the humidity of the 
air within the balance case. Unless the 
hygrometer used for this purpose admits of 
being used within the balance ease, it is 
advisable to remove any drying agent that 
may be kept inside the case, and measure the 
humidity outside, assuming that equalisation of 
humidity has been effected within and without. 

§ (4) Conditions and Methods ott Usb of 
the Balanc e in Practice. — It is not intended 
here to give more than general indications of 
the conditions and methods attaching to the 
use of the balance in practice. 

From the chemist’s point of view an excellent 
account has been given by Kao 1 and KeilLy, 
with mention of the more usual precautions 
to be taken in chemical weighing. 

(i.) Setting up a Balance .- — The desirable 
conditions to be satisfied in choosing a site 
for a balance are a very steady support in a 
room with a very steady temperature. The 
disturbing effects of temperature are probably 
the causes of most of the difficulties in accurate 
weighing. When the balance is first set up, 
assuming that its component parts, and 
especially the arrestment, appear to be in good 
1 Chemical News , 1916, cxiv. 187-189, 200-202. 
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working order, tlxe operator should test its 
performance thoroughly before putting it into 
general use. An intimate knowledge of the 
behaviour of the balance is desirable, with a 
view not only to anticipating or forecasting 
the errors of weighing, but to adapting the 
methods of weighing so as best to suit the 
circumstances. 

In order to obtain the highest precision 
from a given balance it is suggested that the 
following points should be examined in the 
initial tests : 

(a) Sensitiveness and period of the balance 
for different loads and different positions of 
the stabiliser nnt (gravity bob). 

The position chosen for the gravity bob in 
a particular set of weighings should be that 
which gives a sensitiveness compatible with 
the accuracy sought for, together with a 
suitably short period of swing. Very often 
it is desirable to sacrifice sensitiveness for the 
sake of obtaining a quick swing, but the 
methods of reading may be improved if 
increased sensitiveness is still required. 

It is often useful to he able to adjust the 
position of the gravity bob quickly and accur- 
ately so as to change from one to another 
predetermined condition of sensitiveness. 

(b) The degree of equality of the arms of 
the balance. 

(c) The consistency of the rest point. This 
should be tested at several loads (especially 
at the maximum load taken by the balance) 
over a considerable period of time. It may 
happen, more particularly at the maximum 
load, that the beam when allowed to swing 
takes a little time to accommodate itself to 
the strain due to the load. In addition it is 
often useful to determine initially the effect 
of temperature on the rest point. This again 
will vary with the load. 

{d) The degree of freedom of suspension of 
the load. While exact centring of the load on 
the balance pan should not be necessary for 
general work with balances in which the pan 
is suspended by the usual “ book and eye ” 
joint, it is well to verify in the first place what 
errors, if any, result from purposely placing 
the load out of centre on the pan. This 
should show up bad workmanship either in 
the accurate finishing of the knife-edges or 
in faulty positioning of them. If specially 
required, the parallelism of the knife-edges 
may be separately tested as indicated in § (1). 

(e) Accuracy in the use of the rider. It is 
here assumed that the graduated bar which 
holds the rider weight when in use is arranged 
to be in the plane through the terminal knife- 
edges. This is not always the case, but unless 
it is so, the apparent weight of the rider when 
placed on the rider bar will depend on the 
inclination of the beam to the horizontal. 

The accuracy of graduation of the rider bar 


should also be tested, especially if it is intended 
to use relatively large rider weights. 

A comparatively recent innovation, which 
avoids the use of a rider and of fractional 
weights smaller than 50 mg., has been made 
by Messrs. Christian Becker & Co., New York, 
in their ehainomatic type of balance. This 
instrument is of the usual construction of 
knife-edge balances, with the exception that 
changes of weight less than 50 mg. are 
measured by means of a gold chain, with very 
fine links, hanging from the beam. The 
change of weight is obtained by varying the 
effective length of the chain, which hangs in 
the form of a catenary, with its lower end 
attached to a vernier, which may be racked 
upwards or downwards against a scale gradu- 
ated in milligrammes on a fixed post inde- 
pendent of the balance beam. The position 
of the vernier (and hence the effective length 
of the chain) can be adjusted from outside 
the balance case while the beam is swinging 
and the ease closed. A number of chaino- 
matic balances are in use, particularly in 
America. T or further details reference should 
be made to Messrs. Teclcer & Co.’s catalogues. 

(ii.) Methods of Weighing . — In all work with 
knife-edge balances, it will he found that the 
instrument is relatively slow to use. In 
general, the practice of weighing by the “ null 
method is followed, i.e. the load on one arm of 
the beam is adjusted so as to obtain zero 
deflection of the beam, which is usually taken 
as corresponding to the position of the pointer 
opposite the central line of the scale. The 
realisation of the equilibrium position is, of 
course, facilitated by a prior knowledge of the 
sensitiveness of the balance in terms of the 
value of one division of the scale. 

Alternatively, if the operator has obtained 
balance with the pointer reading a few 
divisions away from the centre of the scale, 
he may calculate from the sensitiveness of the 
balance the extra loading on one pan necessary 
to make the pointer read zero. 

This is really a variant in the method of 
reading the deflection of the beam with the 
pointer ; but apart from this, the following 
four methods may be used in weighing, 
according to the precision and other conditions 
defined by the work on the balance : 

(a) Single weighing. 

(b) Counterpoise weighing. 

(c) Double weighing. 

(d) “ Double-double ” weighing. 

(a) The term “single weighing” implies 
that the body to he weighed is suspended 
from one arm and balanced against known 
weights operating on the other arm of the 
instrument, and clearly makes an assumption 
that the arms are equal. 

This assumption can always bo tested easily 
by making a “ double weighing,” i.e. by seeing 
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how the weight of the body varies according 
to the arm from which it is weighed. 

It has been found, in general, that the 
effective arms of a good analytical or chemical 
balance are usually equal to within 1 part in 
100,000, which means that the method of 
single weighing may be used to give very fair 
accuracy, other conditions "being favourable. 
It is often sufficient to meet the requirements 
of certain experimental work where only 
relative measurements are desired. Analytical 
and chemical weighings are usually relative 
only. 

(b) In cases where it is considered that the 
equality of the arms cannot be assumed, a 
choice lies between cc counterpoise weighing 55 
and C£ double weighing. 55 The former is well 
suited to many kinds of experimental work and 
is quicker than the latter. 

In counterpoise weighing, a constant mass 
is kept on one pan of the balance, and known 
weights are used on the other pan in addition 
to that which has to be determined. Weighing 
is thus made by substitution, and is inde- 
pendent of the length of the arm of the balance. 

Wherever necessary, allowance should he 
made for the buoyancy of the loads, including 
that of the counterpoise. Sometimes in 
accurate work, extending over a period of 
time too long for constancy of rest point to 
be obtained, a correction for the temperature 
coefficient of the balance is needed. 

(c) In c< double weighing, 55 the ordinary 
single weighing is repeated with the loads 
interchanged in the pans, the object being to 
minimise the combined errors due to inequality 
of arms of the balance beam and inequality 
of temperature distribution within the balance 
case. 

( d ) If there is a progressive change of rest 
point of the balance due either to a gradual 
increase in temperature or to other causes 
happening between the two parts of a cc double 
weighing, 55 it is clear that a certain inaccuracy 
will result, since the two weighings are not 
symmetrical in point of time with respect to 
the progressive changes in temperature, etc. 
Hence in the most accurate work, such as the 
comparison of standards of mass, the cc double 
weighing 55 is repeated in the reverse order 
according to the following scheme, where A 
and B are the loads compared : 


Order of 
Weighing. 

Load on 

Loft Fan. 

Load on 

Eight Fan. 

1 

A 

B 

2 

B 

A 

3 

B 

A 

4 

A 

B 


If desired, weighings (2) and (3) may he 
replaced by one weighing. 


The above procedure has the advantage 
that the operator is able to detect changes of 
zero of the balance and to estimate the 
corresponding uncertainty of weighing. 

(iii.) High Precision Weighing . — While the 
sources of error which are generally associated 
with the use of balances have already been 
indicated, it is interesting to notice what degree 
of accuracy can be obtained with the utmost 
precautions and the most refined methods. 
In this connection, reference should be made 
to the standardisation of mass entrusted to 
the Bureau International des Poids et MCesures, 
Sevres, Paris. A detailed account of the 
balance, methods of use, and resulting accuracy 
is given in the publications 1 of the Bureau. 
It is noteworthy that the various national 
copies of the International prototype Kilo- 
gramme Standard of Mass have been deter- 
mined with a general precision of ±0*000007 
gramme, i.e. to within 7 parts in 1000 
million. 

In order to obtain this precision, the following 
precautions were taken in the use of the 
balance : 

(1) The errors due to fluctuation of 
temperature within the balance ease were 
minimised by providing the balance with 
gear for loading and unloading the pans from 
a distance, without opening the balance case, 
and by reading the balance at a distance. 
The deflection of the beam was read by optical 
lever with the operator and telescope at a 
distance of about 4 metres. 

(2) The suspension of the load was made as 
free as possible "by providing what is equivalent 
to a universal joint between it and each 
terminal knife-edge. This joint takes the form 
of a pair of transverse knife-edges, which 
ensures that the load is applied at one definite 
point on the arm, i.e. the point in the terminal 
knife-edge vertically in line with the supposed 
intersection of the additional transverse knife- 
edges. 

"Without this precaution the effective length 
of the arm would not be sufficiently definite 
for the accuracy required. 

§ (5) Vacuum Balances. — In some cases 
of weighing in air, it is not always easy to de- 
termine the actual density of the atmosphere 
with the precision necessary to determine the 
buoyancy correction to an accuracy comparable 
with that of the weighing itself. This is the 
case in the comparison of standards of mass 
of widely different densities such as platinum, 
brass, and quartz. In special work of this 
kind, and also in the determination of certain 
fundamental constants, it is often desirable 
to weigh in a rarefied atmosphere or in, vacuo, 
by means of a vacuum balance. "Vacuum 
balances may thus bo used in two ways. In 

x See Travaux et Mdmoires . In this connection see 
also Oonrady, Proc. Roy. Sac., 1922. 
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the first place, the actual weighing may be 
carried out in an enclosure where the residual 
pressure is so low that the buoyancy correc- 
tion is negligible. This entails the provision 
of gear for loading and operating the balance 
from without, particularly in making the 
final adjustment of load necessary to obtain 
equilibrium. On the other hand, in the 
absence of such gear, it is convenient to obtain 
approximate balance at atmospheric pressure, 
and then diminish the pressure within the 
balance case until equilibrium is obtained. 
In this way it can be arranged for equilibrium 
to be secured at low pressures of the order 
5 cm. of mercury, measured by a mercury 
manometer gauge connected with the interior 
of the balance case. The buoyancy correction 
would then be small enough to admit of 
accurate determination to within the limit of 
precision of weighing. Crookes 1 and other 
investigators have used the balance for 
weighing in this manner in a rarefied atmo- 
sphere, while of the balances designed for 
weighing in vacuo , reference should be made 
to the vacuum balance 2 constructed by 
Bunge for the Bureau International at Sevres. 
This balance is designed so that the combined 
operations, viz. 

(i.) Exact adjustment of equilibrium by the 
addition of small weights, 

(ii.) The release and arrestment of the beam, 
(iii.) The reading of the swinging of the 
beam, 

(iv.) The interchanging of the loads on the 
two pans, 

can be performed at a distance of a few metres. 

§ (6) Miono - balances. — B efore examining 
the range and performance of micro-balances, 
consider first the proportionate accuracy 
obtainable from balances in relation to the 
load weighed. It has been shown (§ (4)) that 
with a balance taking loads up to 100 grammes 
or 1 kilogramme, a precision of 1 part in IQ 8 
of the load weighed represents the best 
accuracy obtainable, under good conditions, 
with the utmost precautions in weighing. 
This limiting precision is governed most 
closely by the degree of uniformity of tem- 
perature within the balance case, as affecting 
the relative lengths of the arms of the balance. 
With brass and magnalium beams, this 
limiting accuracy corresponds to a relative 
consistency of less than TT / r> C. in the 
mean temperatures 3 of the arms of the balance. 
The larger the balance, the more difficult it is 
to realise this high degree of consistency of 
temperature throughout the length of the 
beam. Consequently increased proportionate 

1 Phil. Trans., 1873, clxiii. 277. 

8 Travaux et Memoir es du Bureau International , 
tome 1 ; also La Convention du mdtre , by Guillaume, 
published by Gauthier Vi liars, Paris. 

8 The coefficient of linear expansion is approxi- 
mately 0*00002 per 1° C. 


accuracy of weighing cannot be expected 
from the larger balances. 

. Of the balances with metal, beams designed 
to take small loads not exceeding 1 or 2 
grammes, the Assay Balance of L. Oertling, 
Ltd., may he considered typical. As at 
present designed, it enables weighings to be 
performed with a limiting proportionate 
accuracy lying between 1 part in 10® and 1 
part in 10 7 of the maximum load, if the 
balance is read by means of an optical indicator. 
Greater proportionate accuracy might he 
secured by redesigning the beam of this 
balance so as to he lighter in comparison with 
the load to be weighed, but, generally speaking, 
little has been done in the direction of obtaining 
greater absolute accuracy than the millionth 
of a gramme (or a few ten- millionths) with 
knife-edge balances having metal beams. 

Some progress has, however, been made 
with the use of quartz for small balance 
beams, while still maintaining a proportion- 
ate accuracy of 1 part in 10 8 , or better, in 
the mass weighed. 

Of the earlier micro -balances little will bo 
said here. Reference may bo made to the 
work of Angstrom, Nernst, 4 Brill, 5 and others. 

A substantial advance was made by Steele 0 
and Grant, who designed two micro-balances 
with beam and fulcrum knife-edge both of 
quartz. The use of fused quartz as the 
material of the beam has the following 
important advantages. 

(1) It is light and incorrodible. 

(2) Its tensile strength is great, and it is 
almost free from elastic fatigue. 

(3) Its thermal 7 expansibility is very small 
(about one - twentieth of that of brass or 
magnalium). This is a valuable property, 
since it makes for constancy of the effective 
length of the beam, and also for consistency 
of rest point. 

(4) It is readily obtainod in the homo- 
geneous condition, and it is easily manipulated 
in the oxy-coal-gas flame. 

Irregularities of behaviour due to electrifica- 
tion of the beam during handling may be 
avoided by ionising the air inside the balance 
case with * a small quantity of radioactive 
substance. 

In Steele and Grant’s balances, the quartz 
fulcrum knife-edge was fused in position on 
the beam. The ordinary scale-pan suspen- 
sion from terminal knife-edges at the ends 
of the beam was not used. A counterpoise 
bulb was rigidly attached to one end of the 
beam, and balanced at the other end by a 
suspension pan which hangs from a fine 
vertical quartz fibre, fused to the beam. This 

4 Naahr. K. Ges. Wins., Gottingen, 1!>02, Ii. 

6 C/iem. Soc. Journ., 1908, xciii. 1442. 

0 Boy. Soc. Prop., 1000, Ixxxii. 580. 

7 The coefficient of linear expansion is of the order 
0-000001 per 1° C. 
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inode of suspension of the load was found to 
give better results than either the ordinary 
“knife-edge and plane 5 ’ or the “point and 
plane ” suspension. 

This design of beam, and suspension avoids 
the tedious adjustment, so necessary in the 
case of ordinary analytical balances, for 
placing the terminal knife-edges in plane and 
parallel with the fulcrum knife-edge, and 
equalising the lengths of the arms. 

It should be noticed that in micro-balances 
with fibre suspension in place of the terminal 
knife-edge, the effective length of the balance 
arm varies with the deflection of the beam 
owing to the lack of perfect flexibility of the 
fibre, but since the weighing is made from 
one arm by a null method, no error is introduced 
on this account. 

An important question arises in the calibra- 
tion of these instruments. If the balances 
should he intended for weighings in air at 
current atmospheric pressures only, a set of 
standards of mass, suitable for the range of 
balance, would be required. There is clearly 
a limit to the size of weight which can practi- 
cally be used. 

Even in assay balance work, the smallest, 
weights used, i.e. b mgrm. (and rarely T \ 
rngrm.) riders, are very small and easy to lose, 
though made of light material. Clearly the 
use of a comprehensive set of small weights 
is impracticable for a balance which is sensi- 
tive to TinftjTuj mgrm. or less. 

The use of weights is, however, unnecessary, 
except in the initial calibration, of the balance, 
since small changes of the load can be balanced 
by changing the upward buoyant force on the 
beam and load by varying the pressure within 
the balance case. 

The micro-balance is thus used as a vacuum 
balance, and the change in weight is measured 
by the change in density of the air required 
to restore the balance to its initial position 
of equilibrium. When the temperature is 
constant, this change in density is proportional 
to the change in pressure as measured by a 
mercury manometer attached to the balance 
case. For micro-balance work of high pre- 
cision it is necessary to apply a correction for 
temperature changes. 

It should be observed that the standard of 
reference Avith which the weighings are com- 
pared is the difference in air- buoyancies of 
the two arms of the balance under certain 
recognised conditions of temperature and 
pressure. Suppose this difference is m grammes. 
Then any substance not heavier than m 
grammes can be weighed as follows : 

Not© the equilibrium point when the scale 
pan is empty, and read the pressure within 
the balance case. Place the substance to be 
weighed on the pan, and adjust the pressure 
until the same equilibrium position, is obtained. 


The mass to be weighed can then be cal- 
culated from a knowledge of the pressures. 
If the buoyancy difference is not known from 
volumetric measurements made on the bulb 
of the beam, it is clear that the balance will 
need to be calibrated by means of a mass that 
has been standardised on some other balance, 
say on an assay balance. In this case the 
proportionate accuracy given by the micro- 
balance is limited by that obtainable from the 
assay balance. Masses larger than m, grammes 
may be weighed on the micro- balance by 
making a set of weights, in effect counterpoise 
weights arranged in sizes so that the difference 
between consecutive sizes is always less than 
m grammes. Weighings can then be conducted 
up to a maximum limit equal to the weight of 
the largest counterpoise, provided this is not 
too large a load for the balance beam to 
withstand. 

Used in this way, the micro-balance is an 
excellent means of measuring relative changes 
of mass with high precision. Steel and Grant 
have been able to obtain a sensitiveness 
exceeding one-hundred-thonsandth of a milli- 
gramme (1 x 10" 8 gramme). The absolute ac- 
curacy obtained by them was 1 x lO' 7 gramme 
for masses not exceeding one decigramme. 

The same type of quartz micro-balance was 
used with success by Gray 1 and Ramsay in 
their determination of the density of radium 
emanation, a sensitiveness of 2 x 10" 9 gramme 
being obtained. 

Mention should also be made of the micro- 
balance used by Aston 2 for the determination 
of densities of gases of which, only small 
quantities are obtainable. Further reference 
to this balance will be made in discussing the 
methods of determining density (§ (IS)). 

Additional modifications have heen made in 
the design of quartz; micro -balances in the 
direction of omitting the fulcrum knife-edge 
and suspending the beam from quartz fibres. 
T. S. Taylor 3 in his determination of the 
density of helium used a quartz balance 



Fig. 12. — Diagram of Quartz Balance used by.Taylor. 


similar to that illustrated in perspective in 
Fig, 12. 

The balance, which was designed only for 
the determination of densities, consists essen- 
tially of the rkomboidal beam, to which is 

1 Ron. tfoc. Proa,, 1910, Ixxxiv. 536. 

2 Ibid., 1913, Ixxxix. 442. 

s F>hy*. Rev., 1917, x. 0E>3* 
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fused the hulb E and tlie counterpoise F, 
and also the rods R, S, perpendicular to the 
plane of the rhomboid, which in their turn 
are fused to the horizontal quartz fibres P, Q, 
on which the beam is mounted as shown. 
The stops H, K, prevent the balance from 
producing too great a torsion on the supporting 
fibres. 

Pettersson 1 on the other hand has suspended 
the beam of his micro-balance by means of 
two vertical threads. Using a quartz beam 
of length 10 cm., he has obtained a sensitive- 
ness of 1 x 10~° gramme. 

Working with a still smaller beam of length 
5 cm., Pettersson succeeded in obtaining a 
sensitiveness of lx 10" 10 gramme with a 
maximum load of 100 to 200 mgrm. 

The field of use of the quartz micro-balance 
is doubtless limited, and, apart from the work 
of a few investigators in the determination of 
densities, little has been done in adapting the 
instrument to the solution of problems demand- 
ing extreme delicacy in the operations of 
weighing. 

II. Weights 

(An introductory account of the fundamental 
standards of mass will be found in the article 
“ Metrology.”) 

§ (7) Distinction- between Mass and 
Weight. — Standards of mass are most 
frequently called “ weights,” and in this 
sense this term will he used here. In order 
to determine mass, the method of weighing 
is resorted to. The mass of any object is 
unvaried 2 whether it is weighed in air or 
in vacuo. Its weight in, vacuo is the property 
actually determined, and is the measure of its 
mass. 

The weight of an object is the force with 
which gravity acts upon it. Confusion is 
often caused by the use of the term “ weight ” 
to denote “ mass,” and vice, versa. The use 
of such ambiguous or redundant expressions 
as “ apparent mass ” or “ mass in vacuo ” 
should be avoided. Unless the mass of an 
object can be determined in true units of mass, 
it is preferable to express it in a definite, 
unambiguous manner, as, for example, “weight 
in air (of stated density) when compared with 
brass weights (of stated density).” 

§ (8) Material eor making Weights. — 
The general desiderata in the choice of 
material for standards of mass, more particu- 
larly fundamental standards, have been out- 
lined in the article “ Metrology.” 3 Platinum 
has been chosen in the case of the British 
Imperial Standard Pound Avoirdupois, while 

’ Phys. iSoc. Proc., 1920, xxxii. 209. 

a Except in so far that the object may absorb a 
small mass of air or moisture from the atmosphere, 
which is not retained by it in vacuo. 

3 See “ Metrology,” Part III. § (C), etc. 


the International Prototype Kilogramme is of 
platinum-iridium alloy (10 per cent iridium). 
It is realised that the greatest care has to he 
taken to avoid changes of mass due to wear 
resulting even from occasional use, but in 
other respects platinum, or its iridium alloy, 
has been found very satisfactory as regards 
permanence and invariability. 

A striking example of this may be seen in 
the results of the re-comparisons of a number 
of national copies of the International Proto- 
type Kilogramme, made at the Bureau * 
International des Poids et Mesures, Sevres, 
near Paris, during the years 1899-1917. In 
half the cases examined, the mass of a national 
standard was found to agree with its initial 
value at the time of its formal issue, in 1889, 
to within ±0-000010 gramme, i.e. to within 
1 part in 10 s . These results bear sound 
evidence not only of the degree of invariability 
of the national copies, but also incidentally of 
the precision of measurement attainable in the 
use of the equi-arm knife-edge balance. 

Referring to weights of less fundamental 
but more frequent use, the circumstances 
governing the choice of material depend on a 
number of conditions. On the whole, it may 
be said that there is not a very wide range 
of choice of material of pjroved reliability. 
Platinum, on account of its comparative rare- 
ness and heavy cost, is almost out of the 
question except in the case of small weights, 
e.gr. fractions of 1 gramme. It is, however, 
used to considerable advantage in plating 
weights which are made of corrodible material, 
but the disadvantages of coating or plating 
weights will be referred to later. 

As a substitute for platinum, no metal or 
material of high density has yet been found 
which is obtainable readily and reasonably 
cheaply, and at the same time suitable as o, 
standard of mass. On the other hand, though 
there are materials of low density possessing 
properties which are generally suitable for 
standards of mass, their use is limited to small 
weights on account of the comparatively largo 
buoyant force of the atmosphere on them, 
resulting from their relatively large volumes. 
Consequently, the materials in general working 
use as weights are of moderate density. In 
England, with the exception of very small 
weights, %. e. less than I gramme, it is customary 
to make scientific weights of brass. This - 
material is not ideal as a standard of mass. 
It tarnishes easily in an ordinary atmosphere 
(much more so in a chemical laboratory), anti, 
being comparatively soft, loses mass owing 
to wear resulting from use. These two dis- 
advantages, however, operate in opposite 
directions. It may be argued that in those 
circumstances it would be preferable to cover 

4 Travaux et Mdmoires du Bureau Inti., tomes xii., 

XV., XVI. 
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the brass with some protective coating or 
plating which would render the weight more 
reliable. Much depends on the exact use to 
which the weights are to be put, but one 
English balance maker of high repute prefers 
to use uncoated polished brass for his scien- 
tific weights. 

Some idea of the amount of variation in 
mass of uncoated polished brass weights may 
be obtained from the following values, deter- 
mined for a number of sets of brass weights 
by the above-mentioned maker which have 
been in regular use at the National Physical 
Laboratory : 


Nominal Mass. 

Average Range of Variation 
of Maas in the Course of 
Two or Three Years, 
measured from the time wlien 
tlie weights were new. 

10 kilogrammes 

4- 20 milligrammes 

I kilogramme . 

±5 

100 gram mes . . j 

± 1 

50 grammes downwards 


to I gramme . 

± milligramme 


(or less) 


N ole . — It is impossible to give more than approxi- 
mate figures. The above values relate to brass weights 
which have been in regular but careful use nearly 
every week for a number of years, in an atmosphere 
free from contamination by chemical fumes. 

Of other materials, of moderate density, 
which have been used in preference to brass 
to serve as laboratory standards o£ reference, 
mention may be made of “ white bronze,” 
an alloy of copper (50 per cent) and nickel. 
This alloy admits of a very fine polish, and does 
not tarnish appreciably. It is not, however, 
very resistant to wear, but lies between brass 
and platinum in this respect. A 100 grm. 
standard of mass in whit© bronze, which has 
been in regular use at the National Physical 
Laboratory for a period of ten years, has lost 
i mgrm. due to wear resulting from frequent 
and regular usage, in spite of careful lift- 
ing with soft-covered forceps. White bronze, 
however, shows a distinct tendency to absorb 
moisture. 

Another alloy called cc baros ” has been ex- 
perimented 1 with at the Bureau International. 
It is chiefly of nickel, with small proportions 
of chromium and manganese, and is hard, 
non-magnetic, and free from blow-holes. An 
experimental specimen of this alloy was found 
unaffected by prolonged immersion in water 
or by moderate heating in vacuo. While 
useful as a working or reference standard, its 
mass is not sufficiently invariable as a funda- 
mental standard, owing to small decreases 
which are attributable to a loss of gas occluded 
in the alloy at the time of easting. 

x Travaiix el Mdmoires Bureau IntL , 1017, tome xvi. 


§ (9) Coated Weights. — Protective coat- 
ings which have been used for covering weights 
may be divided into two classes, viz. lacquer- 
ing and metal-plating. Platinum, gold, and 
nickel have been used for metal-plating, but 
the first-named is to be preferred. In the 
case of gold-plated weights, the soft plating 
ordinarily used as a surface protection is 
liable to wear, and if the weights are in 
frequent use the changes in their values may 
be considerable. 

A platinised brass weight is, however, 
preferable to an uncoated polished brass one. 
The platinum plating is deposited eleetro- 
chemieally to a thickness of about 0*002 mm. 
(OOOGL inch) in this country. It is usual 
to plate in two or three stages and to polish 
the weight between the stages. As regards 
permanence and invariability, platinised brass 
weights may be taken as approximately similar 
in behaviour to the whit© - bronze weights 
already referred to. In other words, a 
platinised weight, though suitable as a work- 
ing or reference standard, is not sufficiently 
invariable as a fundamental standard of 
mass. 

Lacquer, if used as a protective coating for 
a weight, should be hard, of moderate thickness, 
smooth, and not likely to chip. It is well 
known that lacquers absorb moisture from the 
air to a variable extent, say from 1 to 5 per 
cent of the weight of the lacquer, depend- 
ing on the atmospheric humidity. On an 
estimate, 2 a 100 grm. lacquered weight may 
be subject to variations of the order 0*0001 
gramme. This value is, of course, only ap- 
proximate, since much depends on. the nature 
and the method of application of the lacquer. 
Nitro-cellulose lacquers have been found to 
absorb about three times as much moisture as 
those containing shellac. The use of a lacquered 
weight would probably preclude an accuracy 
exceeding 0*0001 gramme on 100 grammes, 
whereas an uncoated polished brass weight 
would in general maintain a rather better 
consistency of mass than this for a period of 
several months, under good conditions of 
use. 

Since a large weight has a relatively smaller 
surface area than a small weight of the same 
material, it follows that the changes in mass 
due to variations of surface conditions are of 
less importance in the case of largo weights. 
Commercial weights are generally covered with, 
a protective coating, either lacquer or suitable 
paint, but the reference standards against 
which they are ultimately tested may be of 
brass, platinised, gilded, or even unplated. 

Spots that arc seen on plated weights 
are very often due to the presence of small 
pores in the metal immediately under the 
plating, and can best be avoided by using a 
2 Bee also Chem. Weekblad, 1920, xvii. 453. 
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metal that is free from pores. Tobin 1 II bronze 
is recommended 2 by the Bureau of Standards, 
Washington, as satisfactory in this respect. 
Besides the usual electro-plating process, 
there are newer methods of plating, e.g. by 
cathode discharge in vacuum and by metal- 
spraying, but these have not yet reached a 
stage of development when they can be 
definitely recommended. 

Amongst the non-metals which may be 
considered as providing suitable material for 
weights for certain purposes, mention should 
be made of the rock-crystal (quartz) weights 
made by J. Nemetz (Vienna) and Laurent 
(Paris), of which a few sets are in use in this 
country. These weights are very constant, 
but owing to their low density 3 the corrections 
for the buoyant force of the air are very large 
when the weights are compared with brass 
or platinum standards. There may, however, 
be occasions in the weighing of glass apparatus 
where the use of quartz weights is an advantage 
in tending to equalise the buoyant forces on 
the two arms of the balance. 

A number of glass-cased weights have also 
been made in Austria* though not in this 
country. These weights consist of glass shells 
filled with shot, and then sealed- The surface 
of the shell is easily cleaned, and wears less 
than that of an average metal weight under 
ordinary use. They possess the additional 
advantage in regard to reliability that a slight 
accident to a metal weight might affect its 
mass without leaving cause for suspicion, 
whereas the glass-cased weights would not in 
general suffer injury unless the injury were so 
great as to leave no doubt about it. 

§ (10) Small Weights. — Small weights 
from 1 gramme downward are usually of flat 
sheet-metal, with a corner or a side turned 
upward so as to facilitate lifting with forceps. 
They should he of a material sufficiently 
resistant to oxidation or corrosion not to 
need plating or coating. Platinum is best 
suited for weights from 1 grm. to 5 mgrm. 
Weights of this material smaller than 5 mgrm. 
are so small that a less dense metal, such as 
aluminium, is to be preferred. An alloy 
of palladium and gold has been found to be 
a good substitute for platinum for fractional 
weights, and has been used in a large number 
of sets of high-grade analytical weights. 
German silver is used occasionally, but not in 
the higher-grade sets of weights. Aluminium 
may also be employed in making fractions of 
1 gramme, and is to be recommended for sizes 
from 50 milligrammes downward. 

I Of approximate composition : 61 per cent copper, 

1 per cent tin, 38 per cent zinc, with a small residuum 
or other materials. 

- Circular No. 3 (1918 edition) of the Bureau of 
Standards. 

II The density of quartz crystal at 20° 0. is 2*65 
grm. per c.c. 


§ (11) Shape and Design op Weights. — 
Since it is important, in designing a weight, to 
minimise all possible variations in mass due 
to changes in surface conditions of the weight 
(such as those due to tarnishing, wear, or 
possibly porous or hygroscopic nature of the 
material), the shape of a weight is usually 
chosen so as to give a minimum surface con- 
sistent with convenience in lifting or moving 
the weight. Clearly the simpler the shape, 
the better. The fundamental standards of 
mass are either cylindrical, or show but little 
modification of the simple cylindrical form, 
and the height of the cylinder is approximately 
equal to its diameter. 4 

For convenience in lifting them, other 
scientific weights except fractions of a gramme 
are usually made with knobs, which may be 
integral with their respective weights or 
detachable. 

It is advisable, wherever constancy of mass 
is of the highest importance, to make the 
weight in one piece with no detachable parts, 
in spite of the increased labour entailed in 
adjusting the weight to its nominal size. 
Chemical and analytical weights, as made in 
this country, usually have knobs, which can 
be screwed into the top of each weight, closing 
a cavity which is used for the purpose of 
adjusting the weight to its nominal size. 
The knob should be of suitable shape and 
size to facilitate lifting the weight with forceps 
or other weight-lifters, and should be relatively 
taller in the case of small weights. 

Small weights such as fractions of a gramme 
are usually made of sheet metal, e.g. platinum, 
gold, aluminium, or German silver, except in 
the case of rider weights, which are made 
from the same materials in the form of 
wire. 

The shapes just referred to are suitable for 
use with an equi-arm precision balance. The 
design of weights for use with other weigh- 
ing machines, particularly commercial instru- 
ments, involves other considerations beyond 
those already discussed. Commercial weights 
are often provided with a single adjusting 
hole closed by a plug which can be sealed 
by the inspector in charge of the testing 
of the weight. Specifications for these 
weights may ho obtained from, the various 
national testing institutions where the weights 
are examined. 

§ (12) Adjustment of Weights. ~ The 
means of adjustment of weights have already 
been referred to under § (11). Either a cavity 
is provided which allows of the addition or 
subtraction of small fragments in order to 
make the final mass equal (within limits) to 
its nominal value, or else the weight is in one 

4 For a right cylinder of given volume, the surface 
area is minimum when the height of the cylinder is 
equal to its diameter. 
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piece, and is ground, polished, and lapped in 
stages until the correct mass is obtained. 

With the exception of some commercial 
weights, it is usual in this country to adjust 
each, weight to hare a true mass equal to the 
nominal value associated with it Fo" example, 
a brass kilogramme weight is adjusted to have 
a mass of 1 kilogramme, (i.e. equal to that of 
the International Standard Kilogramme). If, 
however, the brass kilogramme and the Inter- 
national Standard Kilogramme were compared 
on a balance, they would not weigh the same 
unless the weighing were conducted with the 
balance in vacuo. Owing to the greater upward 
buoyant force of the air on the brass weight, 
the platinum kilogramme mass weighs heavier, 
by about 90 mgrm., in air under average 
conditions of temperature and pressure in the 
laboratory. In other words, fractional weights 
to the value of about 90 mgrm. are required 
on the pan of the balance containing the brass 
weight in order to give equilibrium. . 

In adjusting a weight the maker requires 
some standard — his working standard — with 
which to compare the new weight on the 
balance. For the convenience, in the work- 
shop, of avoiding the use of the buoyancy 
correction, the working standard is of brass, 
which has presumably been standardised at a 
national testing laboratory, and its true mass 
certified. Provided that the mass of the 
working standard has been adjusted to agree 
with its nominal value to within satisfactorily 
small limits, the maker’s task is to make new 
brass weights as nearly as possible replicas of 
his working standard as far as adjustment of 
mass is concerned. It is at the national besting 
laboratory that the difference between the 
weights in air of the brass and platinum kilo- 
grammes has to be corrected for, and the true 
mass determined for the brass^ weight. 

The exapt nominal mass to which a weight 
is adjusted is a matter of convention, depending 
on general usage and convenience. In making 
a new platinum kilogramme weight which for 
certain purposes may perchance be required 
more frequently for weighing against a brass 
kilogramme than against one of platinum, it 
may be convenient to adjust the mass of the 
platinum weight to be accurately 999-91 
grm. ( i.e . 1 kilogramme, less 90 mgrm.) in 
order that it should weigh the same in air as 
the brass kilogramme, which has a nominal 
mass of 1000 grm. 

Again, in the case of a set of analytical 
weights in which the fractions of a gramme 
are invariably of a different material from 
that of the larger weights, it is the practice 
to adjust each weight (whether of brass, 
platinum, or aluminium, etc.) to have a true 
mass equal to the nominal value associated 
with it. Consequently, in a set accurately 
adjusted in this way, the 1 gramme brass 


weight, though having the same mass as that 
-of the combination, of the platinum fractional 
weights whose nominal values total 1 gramme, 
will weigh lighter in air than the composite 
set. 

In both the testing and the adjustment of 
trade weights, the buoyant force of the air is 
neglected. This class of weights is adjusted 
so that the weight in air is equal to that of 
the brass standard in air* the standard being 
of true mass (in vacuo). 

Brass weights of the same nominal value do 
not have exactly the same volume owing to 
slight differences in the metal and also (in the 
case of weights with cavities) in the size of 
the cavity. Consequently they have not 
exactly the same buoyancy, but this difference 
is negligible for commercial purposes, though 
in accurate work it must be duly allowed for. 

§ ( 13 ) The Testing of Weights in a 
National Standardisation Laboratory. — 
In testing a graduated set of weights such as 
the average set of analytical weights, it is not 
always necessary to test each weight by direct 
comparison with a working standard of the 
same denomination. In general, the various 
denominations of the set are arranged so that 
all the weights can be standardised in terms 
of the head- weight of the set. This is a great 
convenience, since there is then, no need for 
more than one working standard, i.e. that 
corresponding to the denomination of the 
largest test-weight. The consequent saving 
of labour involved iix the periodic calibration 
of working standards is considerable, for 
in routine testing, when a standard of mass 
is regularly in use on several occasions each 
week, it is of the highest importance to avoid 
errors due to wear and usage. 

In commercial weight-besting, the procedure 
is simplified by the omission of the buoyancy 
correction. The testing of a weight then 
becomes a simple comparison between the 
weight tested and the working standard on a 
balance or other weighing-machine. 

In work of high precision the method of 
double weighing is used (see § (4) (ii.))* The 
weights to be compared (for example, a known 
standard and. the weight under test) are 
weighed in air from each pan of the balance 
in turn, in order to diminish errors due to the 
inequality of the arms of the balance beam 
and unsteady or uneven, distribution of tem- 
perature within the balance case. Tor each 
weighing, the deflection of the beam is measured 
on a scale previously calibrated by means of 
known weights. 

It is usual, in standardising analytical and 
other scientific weights at the National 
Physical Laboratory, to make an allowance 
for the upward buoyant force of the atmosphere 
on each weight. This is often essential in 
comparing weights of the same material, since 
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all weights are not solid throughout. When 
the weights under comparison are of different^ 
material, e.g . brass and platinum, the applica- 
tion of the buoyancy correction calls for the 
highest accuracy in the measurement of the 
density of the air within the balance case. 

Briefly, the process of scientific weight- 
testing reduces to an accurate measurement 
of the difference between two nearly equal 
masses. One mass is then determined in 
terms of a working standard. The latter in 
its turn has already been measured in terms 
of some fundamental standard, which primarily 
involves comparison with the legalised Imperial 
or International Standards of Mass. 

f. a, g. 

III. Density 

§ (14) Definitions. — The density of a sub- 
stance is its mass per unit volume. 

The volume of any given mass of a substance 
varies with its temperature and with the 
pressure to which it is subjected. In the 
case of solids this variation is so small that, 
for many purposes, it need not be taken into 
account, so far as densities are concerned. 

In the case of liquids, the change in volume 
with temperature is comparatively large, but 
the compressibility of liquids is in general so 
small that it suffices simply to specify the 
temperature of the liquid to which any given 
density relates. 

With gases, however, the volume of a 
constant mass of gas varies greatly with both 
its temperature and the pressure to which it is 
subjected. Consequently both temperature and 
pressure must be specified in order to secure 
precision in expressing the density of a gas. 

The specific gravity of a substance is the 
ratio of its density to a chosen standard 
density. 

It would appear, therefore, from this 
definition that the use of the term specific 
gravity is somewhat superfluous. For if unity 
{e.g. 1 grm. per c.c., or 1 lb. per cu. ft., etc.) 
were to be taken as the chosen standard 
density the need for the term specific gravity 
would disappear, and the simply defined term 
density would meet all requirements. 

There must, therefore, be some reason to 
account for the widespread use of a term 
which, viewed from a purely logical standpoint, 
appears to be unnecessary. 

This is doubtless to be found in the fact that 
the ratio of the densities of two substances 
can be determined with much greater ease 
than their absolute densities. The absolute 
determination of density from direct measure- 
ments of mass and volume is indeed so difficult 
that it has only been carried out to a high 
degree of accuracy in the case of a single 
substance, viz., water. The classical deter- 
mination of the volume of a kilogramme of 


water carried out at Sevres 1 was, of course, 
equivalent to an absolute determination of 
the density of water in grammes per cubic 
centimetre. Again, for many purposes the ratio 
of the densities of substances to the density of 
some standard substance is as useful as the 
absolute densities of the substances. 

Water is eminently suited to serve as a 
standard substance for the above purpose, 
since it is readily obtained in a state of purity, 
and its density at various temperatures has 
been accurately determined ; also the ratio 
of the density of a substance to that of water 
is capable of direct experimental determination 
to a high degree of accuracy. Consequently 
water is practically always adopted as the basis 
to which specific gravities are referred, and the 
term may therefore be defined alternatively 
as follows : 

The specific gravity of a substance at the 
temperature t s relative to water at the tem- 
perature t w is the ratio of the density of the 
substance at the temperature t s to the density 
of the water at the temperature t w . 

It is important to specify both the tempera- 
ture of the substance and that of the water. 
For example, the commonly used phrase 
c: specific gravity at 60° F.” has really no 
precise meaning. One assumes that specific 
gravity at 60° F. relative to water at 60° F. is 
meant, but this assumption may not in some 
cases be correct, e.g. specific gravity at 60° F. 
relative to water at its temperature of maxi- 
mum density may be meant. 

A convenient abbreviation for expressing 
without ambiguity the precise meaning to be 
attached to a specific gravity is the expres- 
sion “ specific gravity ” or more briefly 

*10 

where t 3 is the temperature of the 

substance, and t, w that of the water to which 
it is referred. Thus 

^ __ Density of the substance at 60° F. 

Density of water at 60° F. 

60° F. J 

The symbol has come into extensive use, 

and its general adoption when dealing with 
specific gravities would lessen the chances of 
ambiguity. 

It follows from the definition of the litre 2 
that specific gravities represented by S 

4 a "C. 

are identical with densities at t 3 in grammes 
per millilitre. 3 

1 See article “Volume, Measurement of,” § (2). 

a See ibid., § (1). 

3 Specific gravities S are not identical with 

arc- 

densities at t h expressed in grammes per cubic centi- 
metre, as is sometimes stated. The cubic centimetre 
and the millilitre are not identical, the accepted 
relation between the two being I ml. = 1-000027 c.c. 
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It follows from the definition of specific 
gravity that the density of a substance at the 
temperature t s may be obtained by multiplying 
its specific gravity S es by the density of 

t W 

water at the temperature t w . 

The specific volume of a substance is the 
volume occupied by unit mass of the sub- 
stance. 

§ (15) Determination oe the Density of 
Liquids, (i.) By Means of a Pyknometer . — 
The determination of the weight of a liquid, 
and also of the weight of water required to 
fill a pyknometer, affords a ready means of 
determining the density of the liquid, since 
the density of water is known to a high degree 
of accuracy . 1 

The following is an outline of the calculations 
involved in determining the density of a liquid 
from observations taken with a pyknometer. 

* The calculation of the specific gravity of the 
liquid merely involves dividing the deter- 
mined density by the appropriate density of 
water. 

Let Wp — observed weight 2 in grm. of pyknometer 


The equations representing the equilibrium ob 
tained in each of the three weighings are 



Wp( 

>- 2 ) 

l“Mp( 


. . 

0 ) 

W w (: 

>- 2 ) 

-M w ( 

(Tn ^ 

a \v > 

) +M p ( 

i-2> 

( 2 ) 

w L ( 

A, 

|-*h( 

\- a A 

. dj 

+Mp( : 

>-3> 

(3) 

The mass of liquid required to fill the pyknometer 


at the temperature t L is therefore given by 

The volume of the liquid required to fill the 
pyknometer at the temperature is 

M w 

a w 

{ W w [l - (<r 2 /A)] - Mp[ I. - (cr 2 /G)]} [1 +a(f Ij - < w )] 
^W ^2 


in air of density <j 1 grm. /ml. 

W w = observed weight in grm. of pyknometer 
filled with water of temperature t w in 
air of density cr 2 
grm. /ml. 

W L = observed weight in 
grm. of pykno- 
meter filled with 
liquid of tempera 


dr 


or 


Hence the density c£ L of the liquid at the temperature 
t L is given by 


{W L [1- (<r 3 /A)*J- Mp[l — (<t 3 /G)]} ( djJ { dj t — cr 3 } )(<Z W — cr 2 ) 
jf- : MrfT 1 (cr 2 /G)]} [1 +a(t L - « w )] 


ture t r in air of 


{W x 


[1 - (cr 3 /A )] - 1 - ^/G] }(d w -cr 2 ) 


d L =- 


density cr 3 grm. / ml. 

A density of weights in 
grm. /ml. 

G — density of glass in grm. /ml. 
d w = density of water at t w in grm. /ml. 

= density of liquid at in grm. /ml. 

a = coefficient of cubical expansion of glass in 
ml. per ml. per ° 0 . 

Mp = mass in vacuo of pyknometer. 

M w =mass in vacuo of water required to till 
pyknometer at temperature 
Mj^mass in vacuo of liquid 

required to fill pykno- ij/ 

meter at temperature 


{w w [l- (cr 2 /A)] W P 1 _( 0 .^Q)I 

Writing 


-H-cr 3 . (4) 


[1-K/G)]|. [H-a(< L - t w ) 


l-(ajG) 

l-(ajG) 


and 


WG) 

■WO) 


both equal to unity (by weighing the empty pykno- 
meter immediately before weighing it full of water, 
and also before weighing it full of liquid, this equality 
could be closely achieved experimentally), equation 
(4) reduces to 


{WJl - W A)] - Wpll - K/A)]} (cZ w ~ <r a ) 
{W w [l- (<r 2 /A)]- W P [1- (<r 1 /A)]}Cl +a(t t -t w )] 


+ &Z, (5) 


1 P. Ohappuis, Trrtv. et Mihn., 1907, xiii. A copy 
of Ohappuis’ table of results is given at the end of 

this article. , , 

2 Weights are adjusted to have a mass equal to 
the nominal value marked on them. Hence the 
“ observed weight'* referred to above is identical with 
the mass %n vacuo of the weights required to produce 
equilibrium of the balance, i.e. assuming the weights 
to be accurately adjusted. It may also be uoted 
that, strictly speaking, the commonly used term 
“ mass in vacuo ” is somewhat redundant, lixe 
mass of any object is unvaried, whether it is weighed 
in air or in vacuo . The term “ mass/* therefore, does 
not really require the qualifying words “ in vacuo. 


a close approximation to wliich is 


rw, 

Lw 


w 


• W; 

- w 


r -|f d w -cr» ~l (0) 

^p— I L-[l — a(f Jj 


If the water content and liquid content are deter- 
mined at the same temperature. 


Wt.-W, 


w 


w' 


■ wj' dvf ~ a 0~^ cr 3- 


( 7 ) 
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If an average value a is substituted for <r 2 and 
<x 3 we obtain 

W L -Wp / W Tj -W p N 

di_dff w; v -Wp +f v w w — w p / ’ • ( } 


and finally, neglecting buoyancy corrections alto- 
gether, we obtain the simple approximate relation 


7 7 W L -W P 


(9) 


In deciding which of the various equations 
given above for calculating d p should be used 
in any particular case, the degree of accuracy 
required in the results should be considered in 
conjunction with the approximations made. 
Results should not be expressed to a greater 
number of decimal places than is warranted by 
the approximations made. 1 

An important limitation on the accuracy 
of density determinations should be noted. 
Temperatures measured by means of mercury 
in glass thermometers, even when the greatest 
precautions are taken, may differ from the 
International Hydrogen Scale by 0*01° C. 
The density of a liquid at any stated tempera- 
ture is therefore liable to an error correspond- 
ing to the change in the density of the liquid 
for 0*01° C. change in temperature. For 
example, in the case of water at 20° C. this 
uncertainty amounts to 2 units in the sixth 
decimal place, and for absolute alcohol at the 
same temperature to about 1 unit in the fifth 
decimal place. 

It is clear that careful observations of 
temperature are of fundamental importance 
in accurate density determinations. The use 
of a constant temperature bath 2 to ensure 
uniformity of temperature when filling a 
pyknometer is advisable wherever accurate 
results are desired. 

A large variety of pylmometers have been 
used by different observers. The simple 
specific gravity bottle with drilled stopper is 
extensively used. A number of modifications 
exist, amongst which may be mentioned one 
provided with a glass cap ground to fit over 
the outside of the neck and enclosing the 
drilled stopper. 

The Sprengel 3 pyknometer is another well- 
known form, of which there are many modifi- 
cations. A notable improvement over the 
original type is the introduction of a small 
bulb above the graduation mark on the 
capillary tube. This allows weighings to be 
made at temperatures higher than the one at 
which the pyknometer is filled, the small bulb 
providing accommodation for the expansion 
of the liquid in the pyknometer. 


1 For a discussion of various “ correction formulae ” 
for the simplification of calculations see Wade and 
Morriman, Chem. Soc. Trans,, 1902, xcv. 2174, and 
Hartley and Barrett, ibid,, 1911, xeix. 1072. 

2 For an account of various forms of thermostatic 
control see article “ Thermostats,” Vol. I. 

a Chem, Soc . Trans . , 1873, xxvi, 577. 



A form of pyknometer used by W. R, 
Bousfield 4 is shown in Fig. 13. The two 
tubes A and B are connected 
together by the cross tube C, 
and I) is a glass rod which 
serves as a suspension for 
the instrument. The capacity 
of the pyknometer is defined 
by two graduation marks, one 
on each of the capillary tubes 
which form the necks of the 
tubes A and B. 

References to various other 
forms of pyknometer are given 
in the footnote, 6 and a dis- 
cussion of the best methods 
of using pyknometers is given 
by Walter Block, Z. angew . 

Ohem., 1920, xxxiii. 198. 

(ii.) By Means of Sinker Weighings. — If a 
glass plummet or sinker, a suitable form of 
which is shown in Fig. 14, is weighed sus- 
pended (1) in air, (2) in distilled 
water, (3) in a liquid, the density of 
the liquid may be readily determined. 

The calculation follows exactly the 
same lines as that given above in 
the case of the pyknometer, and so 
need not be repeated. 

The method is particularly well 
adapted for determining the change 
in density of a liquid with change 
in temperature. The liquid under 
investigation is contained in a vessel 
which is surrounded by a bath whose tempera- 
ture can be varied at will, and also controlled 
so as to remain sensibly constant during any 
particular observation of the weight of the 
sinker. The sinker is suspended from one arm 
of a balance, the latter being mounted directly 
over the constant temperature bath. 

Full details of the apparatus used at the 
Bureau of Standards for determining the 
density of ethyl alcohol and water mixtures 
at various temperatures by the above method 
are given in the Bulletin of the Bureau of 
Standards , 1913, ix. 371. The sinker method 
was also used by Plato 0 for sugar solu- 
tions, and by Domke 7 for sulphuric acid 
solutions. 


A 



Fig. 14. 


4 Chem. Soc. Trans., 1908, xciii. 679. 

5 Perkin, Chem. Soc. Trans., 1884, xlv. 443 , 
ibid., 1896, Ixix. 1043 ; Lunge and Key, Z. angew. 
Chem., 1891, p. 165 ; S. Bosnjakovi, Z. anal. Chem., 
1904, xliii. 230 ; E. Fischer, Chem . Zeit., 1904, 
xxviii. 359, and Sitzungsber . K. A lead. H r m\ Berlin, 
1908, p. 542 ; K. V. Stanford, Phil. Mag., 1905, x. 
269 ; M. Kakusin, Chem. Zeit., 1905, xxix. 1087 ; 
E. Sevnagiotto, Ann. Chim. Applicata, 1914, i. 198 ; 
H. Wustenfeld and Oh. Foehr, Chem. Zentr ., 1914, 
i. 1537 ; P. B. Davis and L. S. Pratt, J. Amer. 
Chem. Soc., 1915, xxxvii. 1199 ; F. Hall, J . Amer. 
Chem. Soc., 1917, xxxix. 1319 ; M. JSTeidle, J. Amer. 
Chem , . Soc., 1917, xxxix. 2387 ; N. S. Osborne, Bull, 
B. of S., 1913, ix. 406. 

c Abhand, Normal Eichungs Komm, , 1900, vol, ii,, 

7 Ibid „ 1904, vol, v. 
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The Westphai balance is a well - known 
apparatus for determining densities, which de- 
pends upon the variation of the weight of a 
sinker when suspended in liquids of different 
densities. 

The same principle has been made use of in 
constructing a recording densimeter. 1 The 
sinker is suspended by means of a fine wire, 
the tension on which is ’ balanced partly by 
a spring and partly by the torsion of a ver- 
tical wire which carries a horizontal pointer. 
Changes in the tension of the wire caused by 
variations in the density of the liquid in which 
the sinker is immersed cause corresponding 
changes in the position of the pointer. The 
movements of the pointer are recorded on a 
revolving drum, and so a continuous record is 
obtained of the variation of the density of the 
liquid. 

(iii. ) By Means of a Hydrometer . — The hydro- 
meter is a particularly useful instrument for 
determining the density of a liquid quickly in 
cases where only moderately accurate results 
are required. See articles “ Hydrometers, 55 
cc Alcoholometry, 55 and cc Saccharometry. 55 

(iv.) By Hare's Method . — An elementary 
form of apparatus illustrating the principle 
of the method is shown 
CcJJ** in Fig . 15. The stopcock 

I C being closed, and the 

I I pressure in the upper part 
of the U-tube being less 
than atmospheric pressure, 
then the lengths of the 
columns of liquid A and B 

| ' will be inversely prop ort ional 
I to the densities of the liquids 

^ | contained in the left- and 

| I right-hand limbs of the 

I f B U-tube respectively. 

% 5 A method depending 

f | essentially on the above 

1 S principle has been developed 

f I by O. E. Frivold, 2 which is 

y r sufficiently sensitive to be 
|g|: used for determining the 

difference in density be- 
tween air - free distilled 
Fio. 15. water and distilled water 

containing air in solution, 
(v.) By Means of Total Immersion Floats . — 
A set of hollow glass beads of varying size 
and mass, known as specific gravity beads, 
have long been used for approximate deter- 
minations of specific gravity. The specific 
gravity of a liquid can be fixed between limits 
by noting which bead in the series is the last 
to float and which is the first to sink. If the 
liquid happens to be of exactly the same 
density as one of the beads, then this bead 
will neither sink nor float, but will remain 

1 Cambridge & Paul Scientific Instrument Co. 

2 Phys . Zeit., 1920, xxxix. 529, 


suspended in equilibrium in the liquid. Very 
slight changes in the density of the liquid, 
however, will destroy the equilibrium, and the 
bead will sink or float as the case may be. 
The delicate nature of the equilibrium is such 
that in recent years several methods for deter- 
mining accurately the density of liquids have 
been based upon the equilibrium of a totally 
immersed float. 

A. Berget 3 mad© use of a float totally im- 
mersed in the liquid whose density was re- 
quired, and attached to the upper end of spiral 
spring of invar, the lower end of the spring 
being fixed. The float was such that if it had 
been free it would have floated in the liquid 
whose density was measured. Consequently 
there was a tension on the spring, which 
varied with the density of the liquid in 
which the apparatus was submerged. The 
elongation of the spring was measured by 
means of a cathetometer, the apparatus 
being calibrated in the first place by means 
of liquids whose densities were independently 
determined. 

Lamb and Lee 4 used a float which was 
brought into a definite position by the 
attraction of an electromagnet on a piece 
of iron contained in the float. Densities 
were thus determined to the eighth decimal 
place. 

Angstrom 5 used a similar method, his ap- 
paratus being shown in Fig. 16. Angstrom 
and Petterson 6 used 
a glass float to which 
was attached a long 
chain with 500 very 
small links of equal 
weight. When the 
float is introduced 
into a liquid whose 
density is within the 
range of the instru- 
ment, the float sinks 
and the chain coils 
up on the bottom of 
the vessel containing 
the liquid until a 
point is reached at 
which the float is in 
equilibrium with the Fig. ig. 

surrounding liquid. 

Observations are taken in a graduated cylinder, 
the position of the top of the float, which is 
pointed, being read on the graduated scale 
etched on the cylinder. The density corre- 
sponding to the graduations is determined 
by a preliminary calibration with liquids 
of known density. A. L. Thuras 7 used 

2 Comptes j Rendus, 1912, cliv. 1294. 

4 Jour. Amer . Ohem . Soe 1913, p. 1666. 

B Phys . Rev., 1915, v. 249. 

0 Zeit. Inst., 191.7, xxxvii. 177. 

7 Jour. Wash. Acad , Sciences, 1917, vii. 605. 
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a, totally immersed float for the determina- 
tion of the density of sea-water on board 
ship. The float and sample of sea-water 
were contained in a thin-walled glass tube 
suspended in a water-bath, the tempera- 
ture of which could be quickly varied, 
and when necessary maintained practically 
constant. The float was such that it floated in 
sea- water at ordinary temperatures- On rais- 
ing the temperature of the bath a point was 
ultimately reached at which the float sank. 
This temperature was noted. Then the bath 
was slowly cooled and the temperature at 
which the float rose to the surface was noted. 
Then the temperature was raised more slowly 
than before, and again the temperature at 
which the float sank was noted. The tem- 
perature was again lowered, and so on, succes- 
sive pairs of temperature readings being ob- 
tained, until the difference between a pair of 
readings was so small that the mean could 
safely be taken as the equilibrium temperature. 
The density of the liquid at this temperature 
is then known, being identical with that of 
the float, which is carefully standardised once 
and for all before use. It was possible to 
locate the equilibrium temperature within 


±0*01° C., which corresponded in the case of 
the samples of sea-water being investigated 
to a difference of density of less than ±3 
units in the sixth decimal place. 

Values for the Density or Various Liquids. — 
The following references relate to some of the more 
important liquids whose density has been investi- 
gated in detail : 

Ethyl Alcohol . — Osborne, McKclvy, and Pearce, 
Bull. Bur . of Bids., 1913, ix. 327. 

M ethyl Alcohol. — Doroshevskii and Rozhdestvenskii, 
Jour . Buss. Phys. Chem. Soc 1909, xli. 977. 

Ammonia . — Lunge and Wiernick, Z. angeu x Chem., 
1889, ii. 181. 

Caustic Soda. — Bousfield and Lowry, Phil. Travis. 
A, 1905, cciv. 253. 

Mercury. — See tables, p. 13 L 

Sea-water. — Knudsen, Hydrographical Tables , 
Copenhagen, 1901. 

Sugar. — Plato, Ab/iand. dcr K.N. E.K., 1904, v. 5. 

Sulphuric Acid. — -Domke, Abhand. der K.N.E.K . , 
1900, ii. 140. 

Water . — See tables, pp. 130, 131. 

Tables of density of a large number of liquids are 
to be found in “ Tables Annuelles Internationales do 
Constantes' et D ounces Numeriques,” “ Recueil de 
Constantes Physiques,” Societe Frangaisc de Physique 
and Physikalisch-chenvische T abelian, Landolt and 
Bernstein. 


Table I 

Density of Water in Grm. pi r Mx . 1 


The asterisks imply that the first three figures arc those of the line below 


°c. 

00. 

0*1. 

0*2. 

0*3. 

0*4. 

0-5. 

06. 

0*7. 

0-8. 

0*9. 

Mean 

Differences. 

0 

0*9998681 

8747 

8812 

8875 

8936 

8996 

9053 

9109 

9163 

9216 

H- 59 

1 

9267 

9315 

9363 

9408 

9452 

9494 

9534 

9573 

9610 

9G45 

-h 4:1 

2 

9679 

9711 

9741 

9769 

9796 

9821 

9844 

9860 

9887 

9905 

-1- 24 

3 

9922 

9937 

9951 

9962 

9973 

9981 

9988 

9994 

9998 

0000* 

-1- 8 

4 

1 *0000000 

9999* 

9996* 

9992* 

9986* 

9979* 

9970* 

9960* 

9947* 

9934* 

- 8 

5 

0*9999919 

9902 

9884 

9864 

9842 

9819 

9795 

9769 

9742 

9713 

- 24 

6 

9682 

9650 

9617 

9582 

9545 

9507 

9468 

9427 

9385 

9341 

- 39 

7 

9296 

9249 

9201 

9151 

9100 

9048 

8994 

8938 

8881 

8823 

- 53 

8 

8764 

8703 

8641 

8577 

8512 

8445 

8377 

8308 

8237 

8165 ! 

- 07 

9 

8091 

8017 

7940 

7863 

7784 

7704 

7622 

7639 

7455 

7369 

- 81 

10 

7282 

7194 

7105 

7014 

6921 

6826 

6729 

6632 

6533 

6432 

- 95 

11 

6331 

6228 

6124 

6020 

5913 

5805 

5696 

558 6 

5474 

5362 

- 108 

12 

5248 

5132 

5016 

4898 

4780 

4660 

4538 

4415 

4291 

4166 

- 121 

13 

4040 

3912 

3784 

3654 

3523 

3391 

3257 

3122 

2986 

2850 

- 133 

14 

2712 

2572 

2431 

2289 

2147 

2003 

1858 

1711 

1564 

141 6 

- 145 

15 

1266 

1114 

0962 

0809 

0655 

0499 

0343 

0185 

0026 

9865* 

- 156 

16 

0*9989705 

9542 

9378 

9214 

9048 

8881 

8713 

8544 

8373 

8202 

- 168 

17 

8029 

7856 

7681 

7505 

7328 

7150 

6971 

6791 

6610 

6427 

- 178 

18 

6244 

6058 

5873 

5686 

5498 

5309 

51 19 

4927 

4735 

4541 

- 190 

19 

4347 

4152 

3955 

3757 

3558 

3358 

3158 

2955 

2752 

2549 

- 200 

20 

2343 

2137 

1930 

1722 

1511 

1301 

3090 

0878 

0663 

0449 

— 211 

21 

0233 

0016 

9799* 

9580* 

9359* 

9139* 

8917* 

8694* 

8470* 

8245* 

— 221 

22 

0*9978019 

7702 

7564 

7335 

7104 

6873 

6641 

6408 

6173 

5938 

232 

23 

5702 

5466 

5227 

4988 

4747 

4506 

4264 

4021 

3777 

3531 

- 242 

24 

3286 

3039 

2790 

2541 

2291 

2040 

1788 

1535 

1280 

1026 

- 252 


1 P. Chappuis, Trav . et M6m 1907, tome xiii. 
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Table I { continued ) 


0 0. 

00. 

0*1. 

0*2. 

0*3. 

04. 

0*5. 

0*6. 

0*7. 

0*8. 

0*9. 

Mean 

Differences. 

25 

0770 

0513 

0255 

9997* 

9736* 

9476* 

9214* 

8951* 

8688* 

8423* 

— 261 

26 

0*9968158 

7892 

7624 

7356 

7087 

6817 

6545 

6273 

6000 

5726 

“271 

27 

5451 

SI 76 

4898 

4620 

4342 

4062 

3782 

3500 

3218 

2935 

-280 

28 

2652 

2366 

2080 

1793 

1505 

1217 

0928 

0637 

0346 

0053 

“289 

29 

0*9959761 

9466 

9171 

8876 

8579 

8282 

7983 

7684 

7383 

7083 

-298 

30 

6780 

6478 

6174 

5869 

5564 

5258 

4950 

4642 

4334 

4024 

-307 

31 

3714 

3401 

3089 

2776 

2462 

2147 

1832 

1515 

1198 

0880 

-315 

32 

0561 

0241 

9920* 

9599* 

9276* 

8954* 

8630* 

8304* 

7979* 

7653* 

-324 

33 

0*9947325 

6997 

6668 

6338 

6007 

5676 

5345 

5011 

4678 

4343 

-332 

34 

4007 

3671 

3335 

2997 

| 2659 

2318 

1978 

1638 

1296 

0953 

-340 

35 

0610 

0267 

9922* 

9576* 

9230* 

8883* 

8534* 

8186* 

7837* 

7486* 

-347 

36 

0*9937136 

6784 

6432 

6078 

5725 

5369 

5014 

4658 

4301 

3943 

-355 

37 

3585 

3226 

2866 

2505 

2144 

1782 

1419 

1055 

0691 

0326 

- 362 

38 

0*9929960 

9593 

9227 

8859 

8490 

8120 

7751 

7380 

7008 

6636 

- 370 

39 

6263 

5890 

5516 

5140 

4765 

4389 

4011 

3634 

3255 

2876 

-377 

40 

2497 

2116 

1734 

1352 

0971 

0587 

0203 

9818* 

9433* 

9047* 

* -384 

41 

1 

0*9918661 




•• 




•• 




Density of Water, in Gem. per M l . 1 


°C. 

0 . 

1 . 

2. 

3. 

4. 

6. . 

6. 

7. 

8. 

9. 

40 

0*992244 

1858 

1466 

1066 

0658 

0244 

9823* 

9395* 

8960* 

8518* 

50 

0*988070 

7615 

7154 

6686 

6212 

5731 

5245 

4752 

4253 

3748 

60 

0*983237 

2720 

2197 

1668 

1134 

0594 

0047 

9496* 

8939* 

8376* 

70 

0*977808 ; 

7234 

6655 

6071 

5481 

4886 

4285 

3679 

3068 

2452 

80 

0*971831 

1205 

0573 

9937* 

9295* 

8649* 

7998* 

7341* 

6680* 

6014* 

90 

0*965343 

4668 

3987 

3302 

2612 

1918 

1218 

0514 

9806* 

9093* 

100 

! 0*95837 5 ; 

7653 

6926 

•• 


•- 

•• 

•• 




1 M. Tliiesen, Wiss. Abhand. der Phys , fFecft. Meieh,, 1904, Bund iv. p. 32. 


Table II 

Density or Mercury in* Grm. per 0.0. 


°0. 

0 . 

1 . 

2. 

3. 

4. 

5. 

6 . 

7. 

8. 

9. 

0 

13*5951,j 

927 

902 

878 

853 

828 

804 

779 

754 

730 

3 0 

13*5705 

680 

656 

631 

GO 7 

582 

558 

533 

508 

484 

20 

13*5459 

435 

410 

386 

361 

337 

312 

288 

263 

239 

30 

13*5214 

190 

165 

141 

116 

092 

067 

043 

019 

994* 

40 

13*4970 







•• 




Density of Mercury in Grm. per C.C. 


°C. 

0 . 

10. 

20. 

30. 

40. 

50. 

60. 

70. 

80. 

90. 

0 

13 *5951 5 

13*5705 

13*5459 

13-5214 

13-4970 

13*4726 

13*4483 

13*4240 

13*3998 

13-3756 

100 

13*3515 

13*3274 

13*3034 

13*2794 

13-2554 

13-2315 

13*2076 

13*1838 

13* 1600 

13*1361 

200 

13*1123 

13*0886 

13*0648 

13*0410 

13-0173 

12-9935 

12 -9097 

12*9459 

12*9221 

12*8982 

300 

12*8743 











Note. — Density of mercury at 0° €. — 13*50545 perm, per ml. (Tliiesen and School, VdtiyJceilsber, der 
Phys. Tech . Beich., February I, 1807, and Zeit. ImL, 1808, xviii. 138). Density of mercury at 0° 0. 
*=4 3*5956 grm. per ml. (March, Trm\ et. Mini., 1883, tome ii. p. D58). 

Mean of the above two values = 1.3-59552 grm. per ml., i.e. 13-5051.5 grm. per c.c., which was the value 
used as the basis of the above tables. 

The fallowing expansion formula was used : 

Y t « Y 0 [l -hlO- fl {181-45Gt + ()• 009205$* + C*Q00006(508t a -h0-000000067320i 4 }] 

{Phys. Soc . Proc 1013-14, xxvi, 96). 
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§ (16) Determination or the Density of 
Solius. (A) By the Hydrostatic Method, i.e. 
by weighing in air and in water (or in other 
suitable liquids). 

(i.) For a Solid denser than W ater and 
unacted on by Water. — (If water is unsuitable, 
some other liquid can often be chosen.) If 
the solid is first weighed in air, and then, 
weighed 1 suspended, so as to be immersed in 
distilled water, an approximate value of its 
density can be obtained from the expression 

Weight of solid in air 

Weight of solid in air— Weight of solid in water’ 

in accordance with Archimedes’ principle. 
This value requires correction for the buoyancy 
of the air and for the deviation, from standard 
(unit) value, of the water density at the 
temperature of the weighing. 

Let d — the approximate value of the density of 
the solid as obtained in this way. 

D=the true density of the solid. 

Y = tho volume of the solid. 
e£ w = tho density of distilled water at the 
tomporature of the weighing, 
o'— the density of the air at the time of the 
weighing in air. 

Then the weight of the solid in air=V(D — cr), and 
the weight of the solid in water =V(D - <2 W ). 

V (D - a) = I>-<r 

-^3— ^ } ry (D :g d w Ly 

.‘. D=<?(d w — (j)H-cr, 

i.e. the correction to be applied to the approximate 
value, cl, in order to obtain the true value, D, of 
the density of the solid, is 

D — cl = died — o* — 1 ) -}- cr. 

The values of this correction arc given in 
Table III., corresponding to a number of 
different temperatures and values of the 
approximate density. 

This table is sufficient to meet cases where 
the density is required with good precision, 
e.g. to I part in 1000, or better, provided of 
course that the weighings have heon made to 
a corresponding order of accuracy. 

In a comparatively limited number of cases 
where the utmost precision is required, e.g. in 
the determination of physical constants, the 
density should be worked out from first prin- 
ciples, somewhat on the lines shown in § (15) (i.), 
where the determination of the density of a 
liquid by pyknometer is discussed. 

In Table I. it is assumed that the tempera- 
ture of the air is the same as that of the 
water in which the weighing has been made. 
All the weights used in obtaining equilibrium 

1 The specimen may either be suspended directly 
from a wire, or else placed in a suitable vessel or 
cage which is itself suspended from a wire. 


have been assumed to he of the same density. 
In special cases it may be necessax-y to make 
separate allowances for departures from these 
assumptions. 

(ii.) Limitations to the Accuracy of the Hydro- 
static Method of determining Density. — In order 
to determine the weight of a solid specimen 
in a liquid, it is usual to suspend it by a thin 
wire or filament from an arm of the balance. 
This at once limits the accuracy of the weigh- 
ing owing to the force exerted by the surface 
tension of the liquid on the wire. The usual 
procedure is first to weigh the solid specimen 
with a definite length of suspension wire 
immersed in the liquid, and then to weigh 
the suspension alone, with the same length of 
wiro immersed, the specimen having been re- 
moved. The difference between these two 
weighings gives tho weight of the specimen 
in the liquid, providod that tho effect of tho 
surface tension of the liquid on tho wire is tho 
same during both weighings. 

In practice tho angle of contact between tho 
wiro and the liquid (whether water or not) is 
likely to vary, and tho total force on the wire 
due to surface tension is likely to accommodate 
itself in order to produce equilibrium. There 
is a small range of load over which equilibrium 
is obtainable with the balance. In other words, 
the weight of tho specimen in the liquid is 
indefinite beyond certain small limits depend- 
ing on the diameter of the wire, tho nature of 
the liquid, and tho general cleanness of tho 
wiro and liquid. 

Since for a given, liquid tho resultant force 
on tho wiro duo to surface tension diminishes 
with the diameter of tho latter, it is advisable 
to use the thinnest wiro consistent with bearing 
the weight of tho specimen. For example, a 
platinum wire of 2 mils - (0-05 mm.) diameter 
is tho finest that can be used to withstand 
loads up to about 50 grammes ; but tho 
maximum downward pull on the wire due to 
the surface tension of the liquid (assumed to bo 
water) is 0-0012 gramme, and the weighing is 
limited in accuracy by variations (say to the 
extent of a few tenths of a milligramme) 
in this force. It is, therefore, clear that 
beyond a certain limit it is of no avail to 
increase tho sensitiveness of the balance for 
liyd ro static, w evighi rigs. 

In these circumstances tho maximum accu- 
racy is obtained by using as large a solid 
specimen as possible, since tho minimum 
diameter of available suspension wire varies 
as the square root of the load, and the surface 
tension effect becomes relatively less important 
as the load increases. 

Other precautions to bo taken in using the 
hydrostatic method for the determination of 
the density of solids are not given hero in 
detail. It is recognised, of course, that steps 
a 1 mil = 1/1000 in, 



BALANCES 


133 


should be taken to remove any gaseous 1 film 
or bubble which may bo trapped between the 
solid and the liquid. If necessary, the liquid 
containing the suspended specimen should be 
put under low pressure for a time so as to 
remove the entangled air. The use of recently 
distilled water is to be recommended in this 
connection. 

The relative importance of the two errors 
due to 

(1) force of surface tension on the suspen- 

sion wire, 

(2) entanglement of air by the specimen, 
depends on the size of the specimen used. 

In cases of specimens denser than water, the 
proportionate accuracy of the resulting density 
may he taken as equal to the proportionate 
accuracy of determination of the weight of 
water displaced by the specimen. This, of 
course, should be roughly estimated before 
the experiment is commenced. It would re- 
quire a specimen whose volume is at least 
5 c.c. to ensure that a proportionate accuracy 
of I part in 10,000 is obtained in the final 
value of its density. 

(iii.) For a Solid which floats in Water (or 
in the Liquid chosen for the Hydrostatic Weigh- 
ing ). — If the solid floats on the liquid chosen, a 
sinker must be attached to it. This does not 
necessarily increase the number of weighings 
made, or complicate the working up of the 
results from the simple formula and the 
application of the correction table (Table I.). 
The sinker may be regarded as part of the 
suspension wire, which is weighed first with, 
then without, the specimen. 

(iv.) By Nicholson's Hydrometer . — An alter- 
native plan depending upon the same funda- 
mental principle, but not susceptible of such 
good accuracy as the foregoing method, is to use 
a Nicholson’s hydrometer. This instrument 
belongs to the class of hydrometers in which 
the volume of the instrument immersed is 
kept constant. It has two cups or pans, a 
lower one (immersed) and an upper one (not 
immersed), and can be made to float in water 
up to a mark on its stem by adding known 
weights to the upper pan. 

The specimen whose density is required is 
weighed first in air from the upper pan of the 
hydrometer, and then in water from the lower 
pan, balance being obtained by varying the 
known weights on the upper pan until the 
hydrometer Heats up to the reference mark 
on the stem. From the observations thus 
made, the weight of water displaced by the 
solid can be obtained, together with its weight 
in air. The relative density of the solid can 
then he calculated. 

This instrument can. also be used in the case 
of a specimen loss dense than water if the 

1 See Lc Ohatelier and Bogitch, Comptes Rend us, 
1910, clxiii. 459. 


lower pan is suitably shaped, or if a small 
wire cage is made in which the specimen can 
be put in order to keep it from floating. 

(.B) For a Small Solid Specimen . — Beyond 
a certain limiting smallness, the hydrostatic 
method is clearly impracticable, and methods 
C, D, and E should be considered according 
to the nature and amount of specimen at 
hand. If a large quantity of the specimen is 
available in the form of fragments, it may be 
weighed in water by using a suitable receptacle, 
hanging in the water, from the usual wire 
suspension. In the case of small fragments 
and powders, it is not easy to avoid errors due 
to the adhesion of air to the specimen. 

(C) By the Specific Gravity Bottle . — (For a 
solid specimen or for fragments of a solid.) 
The familiar specific gravity bottle offers a 
somewhat different method of determining the 
density of a solid which is only available in 
small fragments. The form and capacity of 
the bottle may vary widely according to the 
special purpose for which it is used. Funda- 
mentally, like the hydrostatic method of (A) 
(i.), it is the means of obtaining the weight of 
water displaced by the specimen, and hence 
its volume. 

The specimen, whose weight in air is known, 
is placed in a clean dry specific gravity bottle, 
which is then filled up to the top (or to a definite 
mark) with distilled water or other suitable 
liquid. After the bottle and its contents are 
weighed, the bottle is emptied, then filled to 
the same mark with distilled water, and 
weighed again. These two weighings give the 
difference between the weight of the specimen 
and that of an equal volume of water. 

The density of the specimen can then be 
calculated, the usual corrections being made 
(see Table III.) for atmospheric buoyancy and 
for departure of the temperature of the water 
from standard conditions. 

Some precautions are necessary in using 
this method. Solids, especially in the form of 
small fragments, filings, or powder, entangle 
an appreciable quantity of air, which replaces 
some of the water in the bottle. A con- 
siderable 2 proportion of this air may be 
removed by using a vacuum pump. In order 
to avoid this source of error, M. Billy 3 has 
worked with a specific gravity bottle, filled with 
carbon dioxide, to which he admitted caustic 
potash, solution and the specimen under 
examination. Any gas entangled by the 
fragments of the specimen is dissolved by 
the caustic potash. 

The uncertainty in the weight of the bottle 
containing water, owing to slight evaporation 
of the liquid during the process of weighing, has 
been overcome in some types of pykriometer. 

3 See Gnye and Zaehariades, Comptes Rmdus, 1909, 
cxlix. ni)3, 

3 Comptes Rendus , 1913, elvi. 1005. 
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Table III 

Density Determination Corrections 
(For use in the method of weighing a solid in air and in water.) 

Note 1.— This table shows the correction to be applied to the approximate value (d) of the density of a 
solid in order to obtain its true density in grammes per mill litre. The correction is additive when its sign is 
+, and subtractive when its sign is — . 

Note 2. — The corrections have been calculated for an atmospheric pressure of 700 mm. of mercury 
under standard conditions. The values vary to a small extent with the atmospheric pressure, but may 
be taken as accurate to within =fc 2 per cent for any pressure between 740 and 800 mm. 


Temperature of Water in which the Weighing is made. 


mate 

Density. 

10° 0. 

ir c. 

12° C. 

13° C. 

14° a 

15° 0. 

k io n a 

17° C. 

0-01 

-1-0 '00123 

4- 0-00122 

-1-0-00122 

+0-00121 

+0*00121 

+000120 

+ 0*00119 

+0-00119 

0-10 

+0*00109 

+ 0*00108 

-1-0-00106 

+0-00105 

+0-00103 

+0*00101 

4 0*00099 

+ 0*00097 

DO 

-0-00027 

- 0*00037 

-0-00047 

-0*00060 

- 0*00073 

- 0*00087 

-0*00103 

- 0-00120 

2-0 

-0-0018 

- 0*0020 

-0-0022 

-0*0024 

- 0-0027 

- 0*0030 

-0-0033 

- 0 *0036 

3-0 

-0-0033 

- 0*0036 

-0-0039 

-0-0042 

- 0*0046 

— 0-0051 

— 0*0055 

- 0-0060 

4-0 

-0-0048 

- 0*0052 

-0-0056 

-0*0061 

-0-0066 

- 0-0072 

-0*0078 

- 0-0084 

5-0 

— O' 0063 

- 0-0068 

-0 0073 

-0*0079 

- 0*0085 

- 0 0093 

-o-oioo 

- 0-0108 

60 

-0 0079 

-0*0084 

-0-0090 

-0*0097 

- 0*0105 

-0-0114 

-(>■0123 

- 0-0133 

•7-0 

-0-0094 

-0*0100 

-0-0107 

-0-0116 

- 0-0125 

-0*0134 

-0*0145 

- 0-0157 

8*0 

-0-0109 

- 0-0116 

-0-0124 

-0 0134 

- 0-0144 

-0*0155 

-0-0168 

-0*0181 

9-0 

-0-0124 

- 0*0132 

-0-0142 

-0*0152 

- 0*0104 

— 0*0176 

-0-0190 

- 0*0205 

10-0 

-0-0139 

, -0*0148 

-0-0159 

-0*0170 

-0*0183 

-0*0197 

-0 *0213 

- 0*0229 

11-0 

- 0-0154 

-0*0164 

-0*0176 

-0*0189 

- 0*0203 

-0*0218 

— 0 *0235 

- 0*0253 

12-0 

-0-0170 

-0*0181 

-0-0193 

-0*0207 

- 0*0222 

-0*0239 

: -0*0257 

- 0-0277 

13-0 

-0-0185 

-0-0197 

-0*0210 

-0*0225 

- 0*0242 

- 0*0260 

! -0*0280 

- 0-0301 

14-0 

-0-0200 

-0*0213 

-0-0227 

-0*0243 

- 0*0201 

-0*0281 

- 0*0302 

- 0*0326 

15-0 

— 0-0215 

-0*0229 

-0*0244 

-0*0262 

- 0*0281 

- 0*0302 

-0*0325 

- 0-0350 

16-0 

-0*0230 

- 0*0245 

-0-0261 

-0*0280 

- 0*0301 

-0*0323 

-0*0347 

- 0*0374 

17-0 

- 0*0245 

-0*0261 

-0-0278 

-0*0298 

- 0*0320 

-0*0344 

- 0*0370 

- 0*0398 

18-0 

-0-0261 

-0*0277 

-0-0295 

-0*0317 

- 0-0340 

-0*0305 

-0*0392 

-0*0422 

19*0 

-0-0276 

-0*0293 

-0 0313 

-0-0335 

- 0*0359 

-0*0386 

-0*0415 

~~ 0*0446 

20 *0 

-0-0291 

-0*0309 

-0*0330 

-0*0353 

- 0*0379 

-0*0407 

-0*0437 

- 0*0470 

210 

-0*0306 

-0*0325 

- 0-0347 

-0*0371 

- 0*0398 

-0*0428 

-0*0460 

-0*0494 

22-0 

-0*0321 

-0*0341 

-0-0364 

-0*0390 

- 0*0418 

-0*0449 

-0*0482 

— 0*0519 


Approxi- 

mate 

Density. 


Temperature of Water in which the Weighing is made. 


18° 0. 

19° 0. 

2<r 0. 

21“ C. 

22" O 

23° 0. 

24” 0. 

25° a 

0-01 

+ 0*00118 

+0*00118 

+0-00117 

+0 *001 16 

! 0-00110 

+ 0-00115 

| 0-001 14 

+ 0*00114 

0*10 

+0-00095 

+0*00093 

+0-00090 

+0-00088 

+ 0*00085 

i 0*00082 

+0*00080 

■} (MX >077 

1*0 

- 0*00138 

-0-00157 

-0*00177 

-0*00198 

- 0*00220 

- 0-002-13 

— 0-00268 

- 0 •00293 

2*0 

- 0*0040 

-0*0043 

-0*0047 

-0*0052 

- 0-00.76 

- 0*0001 

— - 01)065 

~ 0 *0070 

3-0 

- 0*0065 

- 0-0071 

-0*0077 

-0-0083 

- 0*0090 

- 0*0097 

— 0*0104 

0*0! 11 

4-0 

-0-0091 

-0*0099 

-0*0107 

-0-0115 

- 0 *0124 

- 0*0133 

-0*0143 

— 0-0152 

5*0 

-0*0117 

-0*0127 

- 0*0130 

-0*0147 

-0*0158 

- 0*0169 

- 0*0181 

— 04)194 

6*0 

- 0*0143 

-0*0154 

- 0*0100 

-0*0179 

- 0*0192 

- 0*0205 

0*0220 

— 0-0235 

7*0 

-0-0169 

-0*0182 

- 0*0196 

-0*0210 

- 0*0226 

- 0-0242 

-0-0258 

- 0 *0276 

8*0 

- 0*0195 

-0*0210 

-0*0226 

-0*0242 

- 0-0260 

- 0*0278 

— 0*0297 

- 0-0317 

9*0 

- 0*0221 

-0*0237 

-0*0255 

-0*0274 

- 0*0294 

- 0*0314 

- 0*0335 

-0-0358 

10*0 

- 0*0247 

-0*0265 

-0*0285 

-0*0306 

- 0*0327 

- 0*0350 

- 0*0374 

-0-0300 

11-0 

-0*0272 

-0*0293 

-0*0315 

-0*0337 

- 0*0361 

- 0*0386 

-0*0413 

-0-0440 

12*0 

-0*0298 

-0*0321 

- 0*0344 

-0*0369 

- 0*0395 

- 0*0423 

— 0*0451 

-0-0481 

13*0 

-0*0324 

-0*0348 

-0*0374 

-0*0401 

- 0*0429 

- 0*0459 

-0*0490 

-0-0522 

14*0 

- 0*0350 

-0*0376 

- 0*0404 

-0*0433 

- 0*0463 

-0*0495 

- 0*0528 

-0-05(13 

15-0 

-0*0376 

-0*0404 

- 0*0433 

-0*0464 

-0*0497 

- 0 *0531 

-0*0567 

-0-0604 

16*0 

-0*0402 

— 0*0431 

- 0*0463 

- 0 *0496 

- 0*0531 

- 0*0507 

-0*0605 ! 

-0-0645 

17*0 

-0*0428 

-0*0459 

-0*0493 

-0*0528- 

- 0*0565 

- 0*0504 

-0*0044 

-0-0686 

18*0 

- 0 *0453 

-0*0487 

- 0*0522 

-0*0560 

- 0*0599 

- 0*0040 

- 0*0683 

-0-0727 

19*0 

- 0 0479 

-0*0515 

- 0*0552 

-0*0591 

- 0*0633 

- 0*0676 

- 0*0721 

-0-0768 

20*0 

-0*0505 

-0*0542 

- 0*0582 

-0*0623 

- 0*0667 

-0*0712 

- 0*0760 

-0-0800 

21*0 

- 0*0531 

-0*0570 

-0*0611 

-0*0655 

-0*0701 

- 0*0749 

- 0*0798 

-0-0850 

22*0 

- 0*0557 

-0*0598 

- 0*0641 

-0*0687 

-0*0735 

- 0*0785 

— 0*0837 

-0-0892 
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(D) By Volumenometer . — Volumenometers 
may be considered in two classes, according as 
they directly or indirectly measure the volume 
of the solid specimen. The former class 
comprises graduated vessels such as burettes, 
flasks, etc., which can be used in some cases 
in conjunction with a liquid which does not 
act upon the specimen whose volume is to be 
measured. The other class of volumenometer 
depends on measuring the volume of a given 
enclosure of air by the change of pressure 
required to decrease (or increase) that volume 
by a known amount, first with the specimen 
placed in the enclosure, then with the specimen 
removed. This class of volumenometer avoids 
the use of a liquid in contact with the 
specimen, and therefore provides the only 
suitable means of determining the density of 
a solid which, owing to its nature, cannot be 
immersed in a liquid (e.g. a solid specimen 
which is decomposed by liquid). The same 
method is applicable to such bodies as cotton 
or glass wool, provided that the wool is not so 
closely packed that the equalisation of the air 
pressures without and within the specimen is 
hindered. 

A number of volumenometers have been 
described in scientific journals. Among these, 
reference may be made to the instruments of 
Bremer, 1 Oberdeck, 2 Zehnder, 3 and Carman. 4 
It is clear, however, that volumenometers of 
this type cannot be used for the determination 
of the densities of substances which give off 
water vapour or any gas. 

(E) By Flotation . — In this method, which 
is especially suitable for small fragments of 
certain crystals and minerals, the density is 
determined from a knowledge of the density 
of the liquid in which the solid specimen will 
just float. The range of densities covered 
by this method is limited by that of the 
liquid available. Methylene iodide has an 
approximate density 3-3, and by dilution with 
benzene, toluene, or xylene, the density of the 
mixture may be reduced to 0*9. Substances 
which are attacked by these liquids may be 
floated in aqueous solutions of potassium 
mercuric iodide or barium mercuric iodide. 
The latter salt is not always suitable. 

The flotation method ?s a very sensitive 
criterion of the density of a small specimen. 
In practice equilibrium is easily disturbed even 
by small changes of temperature of the liquid ; 
and if the specimen takes the form of a 
powder, some of the particles will be found 
to sink and some to rise when the best adjust- 
ment of the density of the liquid has been 
made. 

The liquid mixtures must be chosen so that 

1 Rec. trav . chirn. > 1808, xvii. 203, 405. 

- WietL Ann., 1809, lxvii. 

:I Anna ten dor Physik, 1003, x. 40 ; ibid., 1904, xv. 
328. 

4 Phys. Rev. , 1908, xxvi. 390. 


the solid specimen is unacted upon by it. The 
accuracy of the flotation method is limited 
by the adhesion of a thin layer of air to the 
surface of the specimen. Owing to the small 
size of each fragment of the specimen, the 
error due to this cause is relatively larger than 
it is in other methods of determining density. 

The flotation method may also be usefully 
applied to a number of waxes and fats. 

§ (17) Degree of Constancy of Density 
of Substances of nominally the same 
Material. — The density of a specimen may 
be used as a criterion of the degree of its 
purity or consistency. In many cases the 
accuracy of determination of density lies 
within the limits of consistency of the sub- 
stance, and has been used in explaining small 
changes which occur in the internal structure 
of solids. 

For example, the density of a given metal 
depends, to some extent, on its internal 
structure. As a general rule, working a metal 
diminishes its density, 5 while complete anneal- 
ing increases it. 

In another direction 6 Le Chatelier and 
Wologdine have attributed the very discordant 
values previously obtained for the density of 
graphite to the impurity of the specimen, 
and have succeeded in purifying a number of 
specimens supplied from widely different 
sources, obtaining almost identical values for 
their density. 

The consistency of the density of ice has 
been investigated by Nichols, 7 Vincent, 8 and 
other workers, 9 who have found differences 
of density of the order 1 or 2 parts in 1000 
between new and old ice, and also between 
natural and artificial ice. These have been 
attributed to the effect of dissolved air in 
the ice. 

Porous Bodies. — Porous bodies may be 
regarded as containing a large number of cells 
of air or gas, some of which are effectively 
sealed from communication with the external 
atmosphere. 

The density of a porous body is usually held 
to mean the average density of the cellular and 
solid material contained in the specimen, i.e. 
the mass of unit volume of porous substance. 
Wherever the actual density of the solid 
material is required, the porous specimen 
should preferably be reduced to a powder or 
to small fragments, if good accuracy is to be 
obtained. 

§ ( 18 ) Determination of the Densities 
of Gases. — The densities of gases, like those 
of solids or liquids, are usually referred ulti- 

r * Lowry and Parker, Chem. Soe. Tram., 1915, 
evii . 1005. 

6 Gomptes Bendas, 1908, oxlvi. 49. 

7 Phys . Rev., 1899, viii. 184. 

H Phil. Trans., 1902, excviii. 403. 

0 8ee summary by Barnes, Roy. Soc. Canada 
Trans., 1909, iii. 3. 
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mately to the density of water at 4° 0. In 
other words, they are measured in terms' of 
the kilogramme and litre as units. 

It is often convenient to express the density 
of a gas relatively in terms of some other gas 
as standard. Hydrogen was first used as 
reference standard, being the lightest known 
gas, but since its density could not be deter- 
mined with the same proportionate accuracy 
as that of other gases, oxygen was finally 
chosen as standard of reference instead. 

In determining the mass of unit volume of 
a gas, or the relative densities of two gases, 
the conditions of temperature and pressure 
under which they are confined are of importance 
owing to the magnitude of their influence on 
the resulting density. It is preferable to 
express the density of the gas under standard 
conditions, i.e. at 0° C. and under a pressure 
of 760 mm. of mercury measured at 0° C. and 
at standard gravity. 1 As regards measure- 
ment of pressure, reference should be made to 
the article “Barometers and Manometers. 5 ’ 

The accuracy of measurement of temperature 
is equally important, and in work of the highest 
precision the gas whose density is required is 
kept at 0° C. while its pressure is being 
measured. 

Methods of Determination: (i.) By iveighing 
the Gas contained in a Globe of 'predetermined 
Capacity . — This method has been worked out 
in detail by Rayleigh, Ramsay, Morley, Leduc, 
and others, and has been found most susceptible 
of high accuracy provided the amount of gas 
available is sufficiently large. 

Briefly, the experimental method adopted 
by them is as follows : 

A glass globe, consisting of a spherical bulb 
sealed to a capillary glass stop-cock, is weighed, 
first when thoroughly evacuated, and then 
when filled with dry gas under measured tem- 
perature and pressure. The evacuation and 
filling of the globe are repeated several times. 
These weighings give the mass of a definite 
volume of gas provided that accurate correction 
is made for the compressibility of the globe 
owing to its contraction in volume on being 
exhausted. (For Rayleigh’s method of making 
this allowance see Roy . Soc . Proc. , 1892, 1. 460. ) 
The volume of the bulb is determined by 
weighing it full of water. 

Throughout the weighings, the greatest care 
should be taken to minimise errors which 
arise from 

(1) The large buoyancy of the bulb. 

(2) The condensation of moisture on the 
surface of the bulb. 

The best plan is to use, as a counterpoise, a 
second bulb which is as nearly as possible 

1 Standard gravity is the value of gravity at 
mean sea-level in latitude 45°. Its value has been 
accepted as 980*60f> cm. /(sec.)* by the International 
Conference on Weights and Measures held in Paris, 
1913 ; but see “ .Atmosphere, Physics of.” 


similar to the first one, both as regards 
dimensions and material. 2 

This method has been used in the determina- 
tion of the densities of the principal gases. In 
this connection, the following references should 
be consulted : 

Rayleigh (for air, oxygen, nitrogen), Roy. Soc. 
Proc.', 1888, xliii. 356; 1889, xlv. 425; 1892,‘l. 448; 
1893, liii. 134. 

Leduc (for air, oxygen, nitrogen), A mi. Chim> 
Phys 1898, xv. 27 ; Travaux et Memoir es du Bureau 
I nt email., 1917, tome xvi. 

Morley (for oxygen and hydrogen), Zeits . Phys. 
Chem., 1915, xix, 437. 

Germann (for oxygen), Journ . Phys. Chem., 1915, 
xix. 437. 

Ramsay and Travers (for argon and its com- 
panions), Phil. Trans., 1901, cxcvii. 47. 

(ii.) By M cans of the Micro - balance . — 
Although during the last few years the micro- 
balance, described above in § (6), has been 
used with striking success to measure the 
densities of some of the rarer gases, it is by 
no means a recently devised instrument. 

The foregoing method (i.) of weighing a 
known volume of gas in a glass bulb yields 
results of very high accuracy so long as that 
volume is large enough, but in the case of the 
rarer gases the amount of gas available is so 
small as to render this method impracticable 
when high accuracy is required. Since, 
however, the accuracy of determination of the 
density of a very small quantity of gas by 
means of a balance must ultimately be limited 
by the sensitiveness of that balance, the micro- 
balance has been looked upon as offering the 
best chance of obtaining increased sensitiveness. 
This type of balance operates on the principle 
that a change in weight is measured by the 
change in the net 3 buoyant force on the 
balance due to the gas in which the small 
balance is suspended, the pressure of the gas 
being adjustable, and measured by means of 
a mercury manometer connected with the 
balance case. 

Chemical weights as used with the ordinary 
balance are replaced by the pressure readings 
of the manometer used with the micro-balance, 
allowance being made for temperature changes. 

By using the micro-balance in atmospheres 
of tw r o gases in turn, the relative densities of 
these gases may be determined, being inversely 
proportionate to the pressure required to bring 
the balance to some convenient position of 
equilibrium, provided the temperature is 
constant. 

The general design of quartz micro-balances 
has been discussed under § (6). 

The densities of the following gases have 

2 The amount of condensation of moisture on glass 
varies with its composition. Silica would probably 
be an improvement on glass in this respect. 

a The beam of the balance is not symmetrical, one 
arm containing a bulb. 
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been measured to a high degree of accuracy 
by means of the micro-balance : helium by 
T. S. Taylor, Phys . Rev. , 1917, x. 653 ; radium 
emanation by Gray and Ramsay, Roy . Soc. 
Proc ., 1910, lxxxiv. 536. 

Other balances based on the same principle, 
but intended for the commercial measurement 
of the densities of gases, have been designed by 
Edwards 1 and Arndt. 2 

The method of determining the density of 
a gas by means of a micro-balance is com- 
paratively quick in practice. Although 
capable of very high accuracy, it is also 
convenient to use in cases where only moderate 
accuracy is required. Aston 3 measured the 
density of neon to within 1 part in 1000 
by means of his quartz micro - balance. 
Less than a cubic centimetre of the gas 
was used. 

A somewhat similar balance had previously 
been used by Gray. 4 

(iii.) Other Methods . — Of the other methods 
devised for measuring densities of gases, 
reference should be made to the ingenious 
method of Schloesing, 5 which is also suitable 
when only small quantities of the experimental 
gas are available. Jaquerod 6 and Tourpaian 
have used a hydrostatic method of weighing 
a glass cylinder of known volume in the gas 
whose density is required. 

A method somewhat similar in principle to 
Hare’s method for measuring the relative 
densities of liquids (§ (15)) has been described 
by Threlfall. 7 It involves, however, compara- 
tively large apparatus, but can be used to 
measure relative densities of gases to within 
1 part in 2000. 

§ (19) Determination of the Densities 
of Vapours. — The determination of density 
is an operation which has to be performed 
much more frequently for a vapour than for 
a gas. 

While it may fairly be claimed that the 
measurement of the densities of gases has 
been made to a high degree of precision, the 
operation of determining the density of a 
vapour is often attended by considerable 
experimental difficulties, and is consequently 
less productive of accuracy. 

Present-day methods of measuring the 
densities of vapours follow the general 
principles used by Gay-Lussac, Victor Meyer, 
and Dumas. 

(i.) In Gay-Lussac’s apparatus a known 
weight of substance is introduced and 
vaporised in the vacuum space above the 
mercury column in a barometer tube which 

1 Tech . Paper , Bureau of Standards, No, 80, 1017. 

2 Chem . and Metall. Engineering , March 15, 1010, 

p 201. 

Bog. Soc. Proc., 1013, Ixxxix. 430. 

4 Proc . Konink. Akad. Amsterdam, 1005, vii. 770. 

0 C ample s Bend us, 1808, exxvi. 220, 470, 800. 

« Ibid., 1010, cli. COG. 

7 Boy. Sac. Proc., 1 000, lxxvii. 542. 


is calibrated so as to read off the volume of 
the vapour. The temperature of the vapour 
may usually be taken to be that of the heating 8 
jacket surrounding the barometer tube, while 
the pressure of the vapour can readily be 
obtained as the difference between the height 
of the mercury column and that in another 
barometer tube which contains no vapour. 
It should be observed that Gay-Lussac’s 
apparatus also admits of determining the com- 
pressibility of the vapour. 

Ramsay 0 and Steele, in their determination 
of the vapour densities of carbon compounds, 
have used an apparatus which is essentially of 
this form. 

It is very important to test the residual 
pressure in the vacuum space of the tube in 
which the vapour is to be generated. Serious 
error may result from the presence of a very 
small amount of moisture, the full effect of 
which can be estimated on studying the values 
of the vapour pressure of water at various 
temperatures. This precaution should be 
taken in all methods for the determination 
of the densities of gases and vapours. 

(ii.) In Victor Meyer’s method the gas- 
measuring apparatus in which the volume of 
the vapour is measured is soparate from the 
tube in which the vapour is generated. The 
vapour displaces its own volume of air of the 
same temperature and pressure, expelling it 
into the gas apparatus, where it Is measured at 
atmospheric temperature and pressure. 

High accuracy cannot, however, be obtained 
by this method. 

(iii.) Dumas’ method depends on measuring 
the volume occupied by the vapour of a known 
mass of substance in a bulb immersed in a 
suitable bath, but is not frequently used by 
chemists. 

For further details regarding these methods 
of measuring vapour-densities, reference should 
be made to the following papers : 

Modifications of Gay-Lussac" s Method 

Thorpe, Chem. Soc. Trans., IS80, xxxvii. 147. 

Capstick, Phil. Trans., 1894, clxxxv. 1. 

Eger ton, Chem . News, 1911, civ. 259. 

Modifications of Victor Meyer's Method 

Biltz and V. Meyer, Zeits. Phys. Chem., 1888, ii. 
189 ; Chem. Netos, 1908, xcvii. 

Weiser, Jour. Phys. Chem., J916, xx. 532. 

Machines and Krciling, Jour. Amer. Chem. Soc., 
1917, xxxix. 2350. 

Modification of Dumas' Method 

Schulze, Physi/c . Zeits., 1913, xiv. 922. 

Other Methods 

P. Blackman, Jour. Phys. Chem., 1911, xv. 869 ; 
Chem. News, 1906, xiv. 307. 

H A liquid of suitable boiling-point is used for 
heati ng purposes. 

0 Phil. Mug., 1903, vi. 492. 



Table IV 

Density oe Air in Grm. per Litre 


138 


BALANCES 


3 


CM 


CM 

00 

CO 

oo 

CO 

CO 


CD 


CD 

to 

o 

to 

O 

to 

rH 

to 

(M 


CM OO 

CO 

CO 

a 

H 

i-H 

o 

O 

CD 

CD 

CO 

oo 


1 "- 

to 

to 

JO 

JO 

to 

4 h 

H*< 

CO 

CO 


CM 

i-H 

rH O 

o 

CD 


CO 

CO 

CO 

CO 

CM 

CM 

cm 

M 

CM 

Cl 

CM 

CM 

CM 

CM 

CM 

M 

CMI 

CM 

<M 

CM 

04 

04 

CM CM 

C 4 

r —4 

as 

rH 

i-H 

1— -1 

rH 

r-H 

rH 

1 — 1 

rH 

rH 

rH 

rH 

r-H 

rH 

rH 

rH 

i-H 

rH 

rH 

rH 

rH 

rH 

rH 

rH i — 1 

rH 

rH 

C— 


























. 


























a 

CD 


os 

rH 

CD 

-+1 


to 

o 

to 

r-H 

to 

rH 


Ol 


CO 

OO 

co 

CD 


CD 

to o 

JO 

rH 

a 

o 

o 

CD 

CD 

CO 

OO 

Q 0 



to 

to 

JO 

JO 

-r tH 

>ct< 

CO 

CO 

CM 

CM 

i-H 

l-H 

O' 

CO <C 2 

CD 

CD 

CO 

CO 

CM 

CM 

<M 

(M 

OJ 

CM 


CM 

Ol 

CM 

CM 

CM 

01 

04 

CM 

CM 

CM 

CM 

C 4 

04 

O l cm 

rH 

rH 

oo 

4 ft 

rH 

r-H 

rH 

rH 

r-H 

r-H 

r-H 

rH 

r-H 

t— H 

rH 

i — 1 

rH 

rH 

iH 

rH 

rH 

rH 

r—H 

r-H 

r-H 

rH 

rH rH 

rH 

rH 

3 

o 

CO 

r-H 

O 

rH 

CO 

r-H 

r- 

CM 


CO 

OO 

CO 

CD 

rH 

CD 

IP 

o 

to 

1—4 

to 

04 

IH CM 

Of) 

CO 

3 

o 

CD 

CD 

00 

OO 


I'— 

to 

to 

JO 

to 

xtH 


CO 

CO 

(M 

CMI 

CM 

r—H 

rH 

o 

O 

CD CD 

00 

00 

o 

CO 

OI 

Ol 

<M 

CM 

<M 

CM 

CM 

CM 

CM 

CM 

CM 


CM 

<M 

CM 

04 

CM 

CM 

CM 

04 

04 

rH rH 

H 

rH 

























00 

rH 

r-H 

rH 

rH 

r-H 

rH 

r-H 

rH 

r-H 

rH 

r-H 

rH 

rH 

rH 

tH 

rH 

rH 

rH 

rH 

rH 

r-H 

rH 

rH rH 

H 

rH 

Jt— 


























3 

cm 

I— 

CM 

00 

CO 

00 

CO 

CD 


CD 

JO 

o 

JO 

rH 

to 

rH 

t— 

CM 

OO 

CO 

oo 


CD tO 

o 

JO 

a 

CO 

OO 

OO 

I'— 

r~ 

to 

C_£i 

JO 

to 

MH 

tH 


CO 

CO 

O^ 

CM 

rH 

r—H 

o 

O 

CD 

CD 

qo oo 

00 

l'- 

CM 

CM 

CM 

CM 

CM 

CM 

Ol 

CM 

CM 

CM 

cm 


CM 

<M 

CM 

CM 

04 

CM 

CM 

CM 

r—l 

rH 

rH rH 

rH 

iH 

ICS 

























r— 

1 — 1 

r-H 

rH 

rH 

r-H 

rH 

rH 

r-H 

r-H 

rH 

rH 

rH 

rH 

rH 

rH 

i — 1 

rH 

rH 

rH 

rH 

l-H 

rH 

rH rH 

rH 

r-H 

c— 


























. 


























3 

3 

-tH 

os 

xH 

CD 

to 

o 

to 

o 

to 

r— { 

CO 

CM 

r- 

CO 

00 

CO 

CD 

HH 

o 

to 

rH 

to 

rH IH 

Ol 

00 

oo 

r> 

l> 

CO 

to 

to 

JO 

to 

hW 


CO 

CO 

CM 

CM 

r—H 

r- H 

o 

O 

o 

CD 

OD 

oo 

O 0 IH 


to 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

<M 

CM 

CM 

<M 

CM 

<M 

<M 

CM 

CM 

CM 

04 

r— i 

l—H 

rH 

i — 1 rH 

rH 

rH 

o 

























r— 

1— 1 

r-H 

rH 

rH 

t— H 

rH 

r-H 

rH 

r-H 

rH 

rH 

i-H 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

H H 

rH 

rH 

t— 


























3 

a 

to 

r-H 

CO 

rH 

to 

CM 

E>» 


OO 

CO 

OO 


CD 

to 

o 

CO 

rH 

to 

CM 

r- 

CO 

oo 

■hH OS 

JO 

o 

t— 

I — 

co 

CD 

JO 

JO 


CO 

CO 

CM 

(M 

rH 

i-H 

rH 

CO 

o 

CD 

os 

oo 

oo 

tH 

IH CO 

to 

to 


CM 

CM 

CM 

<M 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

<M 

CM 

CM 

CM 

(M 

r-H 

rH 


r-H 

rH 

rH rH 

r-H 

rH 





















o 

r—H 

rH 

r-H 

rH 

r-H 

rH 

rH 

rH 

rH 

l-H 

i-H 

r-H 

rH 

rH 

»H 

r-H 

rH 

rH 

H 

rH 

rH 

rH 

rH rH 

H 

rH 

c— 


























. 


























a 

a 

L~- 

CM 

r- 

CO 

SB 

CO 

CD 


o 

to 

O 

to 

rH 

r— 

<M 

00 

CO 

CD 

H< 

O 

JO 

rH 

CO CM 

1 "- 

04 

CO 

CO 

»o 

JO 


CO 

CO 

CO 

CM 

CM 

i — i 

rH 

o 

O 

CD 

CD 

O 0 

OO 

OO 

1 — 


pn cr> 

JO 

JO 

o 

CM 

CM 

CM 

CM 

CM 

(M 

OI 

CN 

CM 

CM 

<M 

CM 

M 

CM 

cst 

rH 

rH 

i-H 

rH 

rH 

H 

H 

T 1 T 4 

H 

rH 

to 

rH 

i — 1 

rH 

rH 

r-H 

r-H 

r-H 

rH 

rH 

rH 

rH 

r-H 

rH 

H 

rH 

rH 

r — 1 

rH 

i — 1 

r-H 

r—H 

l-H 


pH 

rH 



























i 

os 

-tH 

OS 

JO 

o 

JO 

r-H 

to 

rH 


CM 

OO 

CO 

m 

tH 

o 

to 

i-H 

to 

<M 


CO 

OO Hf 4 

CD 

JO 

io 

to 

tH 


hH 

CO 

CO 

CM 

CM 

rH 

i-H 

o 

O 

CD 

CD 

CD 

oo 

OO 

IT- 

l> 

to 

to 

to to 



iO 

CM 

CM 

CM 

CM 

CM 

CM 

(M 

CM 

OJ 

<M 

Cs| 

M 

<M 

rH 

iH 

rH 


rH 

H 

r-H 

rH 

r—H 

rH rH 

«H 

rH 

uo 

I>- 

i— l 

r-H 

r-H 

rH 

r-H 

r-H 

r-H 

rH 

i-H 

rH 

i-H 

r-H 

rH 

1 

iH 

rH 

H 

rH 

rH 

rH 

rH 

H 

rH rH 

rH 

rH 

a 

O 

CO 

rH 

CO 

CM 

r-» 

cm 

OO 

CO 

CD 

tH 

o 

JO 

r-H 

to 

<M 

l>- 

CO 

OO 

H 

OD 

JO 

rH CO 

CM 

l - '- 

a 

J.O 

H< 


CO 

CO 

CM 

CM 

rH 

rH 

O 

o 

CD 

CD 

CD 

OO 

OO 

L'— 

tH- 

to 

co 

JO 

JO 

to HH 


co 

o 

<M 

CM 

<M 

CM 

CM 

M 

CM 

CCI 

<M 

<M 

<M 

CM 

rH 

rH 

rH 

i-H 

r-H 

l — 1 

r-H 

rH 

rH 

rH 

i-H rH 

H 

rH 

kO 

t— 

i — I 

r-H 

rH 

rH 

r-H 

r-H 

r-H 

i-H 

r—H 

rH 

rH 

rH 

rH 

r-H 

rH 

i — 1 

rH 


r-H 

rH 

rH 

rH 

rH H 

r —4 

rH 

1 


t> 

CO 

oo 

CO 

CD 


o 

to 

r-H 

to 

CM 

tH 

CO 

OO 

H-i 

CD 

JO 

rH 

to 

<M 

tH 

CO oo 

•rJH 

OS 

p 

CO 

CO 

CM 

CM 

r-H 

r-H 

1 — 1 

o 

o 

CD 

CD) 

00 

OO 

t- 

IH 

to 

to 

to 

»o 

HO 

HH 

HI OO 

CO 

r I 

IQ 

CM 

Ol 

04 

Ol 

M 

<M 

CM 

CM 


Cl 

rH 

r-H 

rH 

i-H 

rH 

rH 

rH 

r-H 

i-H 

r-H 

rH 

r—H 

rH rH 

H 

H 

TH 

l'- 

rH 

r-H 

rH 

rH 

H 

r-H 

rH 

r-H 

rH 

rH 

rH 

r-H 

rH 

r-H 

rH 

rH 

r-H 

r—H 

rH 

rH 

r—H 

rH 

rH rH 

rH 

rH 

3 

3* 

o 

H* 

CO 

<M 

CD 

CM 

<M 

tH' 

CM 

oi 

o 

CM 

CM 

to 

CM 

rH 

r-H 

CM 

to 

o 

<M 

s 

(Ml 

1 > 

CD 

rH 

CO 

CD 

rH 

00 

CO 

pH 

hH 

OO 

r—H 

CD 

t- 

rH 

to 

I> 

H 

o 

1 > 

rH 

CO 

to 

rH 

r—H 

to 

rH 

IH 

to 

1 — 1 

CO 

JO 

i-H 

OO 

H 

r-H 

43 

rH 

CD 

CO 

1 — 1 

JO rH 

CO co 

P-H r-H 

to 

CM 

rH 

04 

04 

r —4 

■H 

r~~ 

rH 

r-H 

r-H 

rH 

r-H 

rH 

r-H 

rH 

i — I 

rH 

rH 

pH 

rH 

i 1 

rH 

rH 

i-H 

rH 

rH 

r-H 

i — t 

1 — 1 

r-H r-H 

rH 

rH 

3 

3 

ICO 

•225 

r-H 

CM 

Ol 

CO 

r—H 

CM 

rH 

rH 

<M 

L— 

O 

ot 

CM 

O 

CM 

OO 

CD 

r—H 

CO 

CD 

rH 

CD 

00 

rH 

tH 

00 

rH 

o 

00 

rH 

to 

rH 

rH 

IH 

H 

r- 

to 

rH 

CM 

00 

rH 

00 

to 

1 — 1 

tH 

JO 

rH 

CD 

HH 

r-H 

to 

HH 

r-H 

rH 

to 

CO 

rH 

Ol 

CO 

rH 

co 

CM cm 

H rH 

CD 

rH 

H 

rH 

rH 

OO 

1 — 

r-H 

r-H 

rH 

rH 

r-H 

rH 

rH 

r-H 

rH 

rH 

r-H 

rH 

rH 

rH 

rH 

rH 

H 

rH 

rH 

rH 

rH 

rH 

i-H rH 

H 

rH 

3 

3 

O 

t"~ 

rH 

CM 

CM 

r-H 

CM 

OO 

0 

01 

CO 

O 

(M 

CD 

CD 

r-H 

CD 

r—H 

CD 

CD 

r—H 

*o 

oo 

rH 

r-H 

O 0 

r—H 

to 

t> 

rH 

CM 

I'- 

r-H 

CO 

to 

r-H 

CO 

to 

rH 

CD 

to 

rH 

JO 

iH 

O 

JO 

rH 

to 

hH 

i-H 

rH 

HH 

rH 

r— 

co 

r-H 

CO 

CO 

i-H 

00 

01 
rH 

hH 

04 

rH 

O to 

CM r—H 
r-H rH 

H 

H 

r-H 

1 — 

o 

i-H 

CO 

Ift 

p-H 

r-H 

r-H 

rH 

r-H 

r-H 

r-H 

rH 

i-H 

rH 

r-H 

pH 

rH 

r—H 

iH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH rH 

H 

rH 

5 mm. 

oo 

o 

04 

-r-H 

o 

04 

O 

o 

(M 

to 

CD 

rH 

r-H 

CD 

rH 

to 

GO 

i — l 

CM 

oo 

r—H 

L— 

r-H 

CO 

!>■ 

r—H 

00 

to 

rH 

hH 

to 

rH 

o 

to 

rH 

JO 

JO 

rH 

rH 

to 

rH 

to 

rH 

hH 

OO 

co 

rH 

CO 

CO 

r-H 

CD 

CM 

rH 

JO 

CM 

r-H 

o 

04 

r—H 

to 

r-H 

rH 

CM OO 

rH O 
rH r-H 

co 

o 

rH 

CD 

CD ! 

o 

04 

r>- 

H 

r-H 

rH 

rH 

r-H 

rH 

r-H 

rH 

r-H 

r-H 

rH 

i-H 

rH 

r-H 

rH 

r-H 

H 

rH 

r-H 

rH 

r-H 

rH 

rH r—H 

H 

iH 

0 mm. 

o 

0 

01 

CO 

CD 

r-H 

i— H 

03 

r-H 

l> 

oo 

rH 

cm 

CO 

i-H 

oo 

c— 

rH 

CO 

I— 

1 — 1 

CD 

CO 

rH 

to 

co 

i-H 

O 

to 

rH 

to 

JO 

rH 

rH 

JO 

r-H 

tH* 

hH 

rH 

CO 

rH 

CD 

co 

rH 

tH 

co 

rH 

o 

co 

r-H 

to 

CM 

rH 

rH 

CM 

r—H 

rH 

rH 

CO 

rH 

r-H 

OO 

O 

rH 

H 4 o 

CO CD 
rH rH 

10 

CD 

‘9 

rH 

CD 

O 

Ml 

f—H 

T— H 

«-H 

rH 

rH 

rH 

r-H 

i-H 

r-H 

rH 

i — 1 

r—H 

rH 

i — 1 

rH 

rH 

rH 

rH 

r*H 

rH 

rH 

H 

rH rH 

H 

rH 

o 

>o 

CO 


00 

CD. 

o 

r-H 

i — 1 

r-H 

CM 

r-H 

CO 

r-H 

14 

JO 

rH 

to 

r-H 

!>■ 

rH 

oo 

CD 

r-t 

20 

i — 1 

04 

22 

CO 

CM 

■H 

CM 

JO 

Ol 

to 

o 1 

r- oo 

rM Cl 

o 

ct 

o 

CO 


d 

hJ CO 

pj > 


o 

ft 

cd 


os 

cd 

£ 

ft 

£ 

■£ 


cd 

h 

OS 


3 

ft* 


>3 

H 

I 

6 

& 

■§£ 
« t 

<m C3 

8 1' 

'si 

oft 

S P 

rS Sd 
P 4-3 
O CO 

i> ft 

SS* 

■go 

So 

F-f ft 

OD cd 

^ l>» 
-P M 
O 03 

6g 

.a « 
.a's 

■3 gs 

p gg 

O ft 

o cu 

.S3 3 

«3 • 

2-3 £ 

CP 


5 § 

oo 

»o 

cm 

co 

o 

I 

s 

0 

CO 

CD 

01 


o» 

to 

CO 


,to 

,I>- 


£ 

yp 

Oh 

Jk. 


rC 5 

td 




P 

o 


T5 Sp 

id ^ a 

« 

p P* 

<d 

+-* cdJ 

<Dft" 


a 

a 

§ 

o 

ft 

fl 

cd 


£ 3 


1 £ 
■jft 


CL 

o ft rt , 
ft Q 
^ftft 

ft 


P CD*, 


; s 

i o 


3ft 


P ' 

CL* ft 
( !> P 3 jj 
‘So P ft 
en P 3 

ft 

CCS ro 
> <P {« 
CD ^ ^ 

S $3 

fc""l qj Q 

•&g 

CD (D 

HH 


r-— i 

T 




04 CO 




BALLOONS — BAROMETER, MERCURY 


139 


Balloons for the Investigation of the 
Upper Air. See “ Air, Investigation of 
Upper,” § (3). 

, Kite. See ibid. § (4). 

, Pilot. See ibid. § (6). 

, Registering. See ibid. § (5). 

Balls, Steel, elastic compression of, during 
measurement. See “ Gauges,” § (16). 

Bar. The bar is the dynamical unit of 
atmospheric pressure, and is equal to 
1,000,000 dynes per square centimetre. 
The pressure of a standard atmosphere is 
1,013,193 dynes per square centimetre, so 
that the bar is approximately the pressure 
of the standard atmosphere. 1 bar = 29 -53 
inches = 750-076 mm. at 273° A. in latitude 
45°. The bar was approved as a unit of 
pressure by the Conference of Physicists, 
Paris, 1900, and was introduced into meteoro- 
logy by Bjerknes. The unit in use in meteoro- 
logy is the millibar, one thousandth of a. bar. 
It should be distinguished from the chemical 
“ bar,” which is a pressure of one dyne per 
square centimetre. See also “Barometers 
and Manometers,” § (2) (i.). 

Barograph, Aneroid. See “ Barometers and 
Manometers,” § (14). 

Barometer, Aneroid : an instrument, for 
the measurement of atmospheric pressures, 
whose operation depends in principle on 
the fact that a thin metal disc or mem- 
brane responds elastically, to an appreci- 
able degree, to the difference of pressure 
on its faces. See “ Barometers and 
Manometers,” § (10). 

Accuracy of. See ibid. § (13) (i.). 
Adjustment and testing of the aneroid 
mechanism in the works of. See ibid. 

§ ( 12 ). 

Compensation of, for temperature. See 

ibid. § (11). 

Errors and defects of : “ creep ” and 

“hysteresis.” See ibid. § (13) (ii.). 
Influence of the rate of change of pressure 
on the calibration of. See ibid. § (13) ( iii. ). 
Limitation, of the amount of “ creep.” See 
ibid. § (13) (v.). 

Vacuum chamber of. See ibid. § (10) (ii.). 

Barometer, Fundamental Standard. See 
“ Barometers and Manometers,” § (9). 

Barometer, G auge- : a barometer which 
can be put in connection with any artificial 
gas pressure. See “ Barometers and Mano- 
meters,” § (3) (vi.). 

Barometer, Kew Pattern : 

Cistern errors in, tabulated. See “ Baro- 
meters and Manometers,” § (7) (ii.) (b). 
Table IV. 

Temperature correction to. See ibid. § (6) 
(i.) (b). 

See also ibid. § (3) (iv.). 


Barometer, Marine! : 

Errors in the use of : pum ping of mercury 
barometers at sea. See “ Barometers and 
Manometers,” § (8) (ii.) ( b ). 

Influence of the velocity of a ship on the 
effective value of gravity acting on the 
mercury column. See ibid. § (8) (ii.) (c). 

Kew pattern of. See ibid. § (3) (v.) (b). 

Barometer, Mercury : 

Accuracy and permanence of, as a pressure 
indicator. See “ Barometers and Mano- 
meters,” § (8). 

Capillary depression of, in tubes of given 
bores and given values of the meniscus 
height, tabulated. See ibid. § (7) (ii.), 
Table'll. 

Conditions essential to the success of : (a) 
cleanness and dryness of the mercury and 
tube ; (b) a good vacuum above the 

barometric column in the tube. See 
ibid. § (4) (i. ). 

Correction of, for gravity. See ibid. § (6) (ii.) 

Correction of, for temperature : the Fortin 
and Siphon types of barometer. See 
ibid. § (6) (i.) (a). 

Correction of, for temperature and gravity 
variations, when graduated in millibars. 
See ibid. § (6) (iii.).' 

Correction of standard temperature of, for 
variation of gravity with height, being 
diminished by 1° A. for every 520 metres 
(for a Fortin type barometer) of height 
above mean sea-level. See ibid. § (6) 
(iii.). 

Errors and defects of. See ibid. § (7). 

Errors due to capillary action of the mercury. 
See ibid. § (7) (ii.). 

Errors due to lack of verticality. See ibid. 

§ (?) (v.). 

Extent of errors in indications of, due to 
variation of capillary action in the tube. 
See ibid. § (7) (ii.) (a). 

Limitations to the accuracy of, in the 
measurement of atmospheric pressures : 
the effect of a wind. See ibid. § (8) (ii.) (a). 

Method of reading, for ordinary precision. 
See ibid. § (5) (i.). 

Methods of reading, for high precision ; 
methods of setting mercury levels to 
points. See ibid. § (5) (iii.) (a). Optical 
methods. See ibid. § (5) (iii.) (b). 

Preparation, adj ustment, and testing of ; 
preparation of tubes. See ibid. § (4) (i.). 

Standard pattern of. See ibid. § (9). 

Testing of, comprising — (1) preliminary in- 
spection of barometer to discover errors 
of design, workmanship, and adjustment ; 
(2) series of comparisons, at current 
atmospheric pressures, between baro- 
meter and a working standard barometer. 
See ibid. § (4) (iv.). 

Types of : not self-recording. See ibid. 
§ («*) (vii.) (a). 
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Types of : self-recording. See ibid. § (3) 
(vii.) ( b ). 

Bakomcbter, Movable Scale : an instrument 
In which the zero of the scale is adjusted 
to the level of the mercury in the cistern. 
Two designs to Tbe noted' are (a) the Newman 
pattern, ( b ) the observatory barometer. See 
C£ Barometers and Manometers, 5 ^ § (3) 

(iii.). 

Barometer, in Practice. See “ Barometers 
and Manometers,” § (15). 

Barometer Tubes, The Filling of. See 
*' Barometers and Manometers,” § (4) (ii.). 

Barometers, Fortin and Kew, General 
Accuracy of, tabulated. See “ Barometers 
and Manometers,” § (8) (i.). Table VI. 


BAROMETERS AND MANOMETERS 

This article deals only with those instruments 
which are used for measuring (a) such atmo- 
spheric pressures as occur in nature, or ( b ) such 
artificial gas pressures as lie within similar 
limits, together with instruments which, 
though barometers in principle, are used to 
measure in units other than pressures. 

I 

§ (1) Broad Principles of Methods of 
measuring Pressttres. — Pressure is defined as 
force per unit area, and is naturally measured 
in terms of weight. 1 In the measurement of 
air and gas pressures with which this article 
is concerned the fundamental idea is to balance 
the pressure against a column of liquid whose 
weight is known, provided that 

(al The height of the column, 

(b) Its density, 

(c) The value of gravity acting upon it, 
are known. 

The principle is familiar, and sufficiently 
well indicated in the diagrams, Figs. 1, 2, 

and 3, in which the 
weight of the liquid 
column between the 
levels A and B 
balances the differ- 
ence of air pressures 
on the two liquid 
surfaces A and B. 
By arranging for a 
closed end to the 
tube above A, with 
the space above 
A completely ex- 
hausted of all gas 
and vapour, 2 the liquid column can be used 
to measure the pressure of the air at the level 

1 See “ Pressure, Measurement of,” Vol. I. 

“ .Except the vapour of the liquid. 


B, and the manometer of Fig. 1 becomes the 
barometer of Figs. 2 and 3. Tbe present-day 
liquid barometer for measuring atmospheric 
pressures is in principle essentially as shown 
in Figs. 2 and 3. 

Mercury is practically the only liquid that 
can be used in barometers that register 
atmospheric pressures. In addition to having 
such a large specific gravity that the length 
of the barometric column is not too cumber- 
some, its vapour pressure is so small as to be 
negligible, at all ordinary working tempera- 
tures, except in fundamental standard baro- 
meters of the highest precision. 

Usually in barometry the chief concern is 
to determine the height of the mercury 
column, and to use the height as a measure of 
the pressure, provided that the value is duly 
corrected to refer to mercury under standard 
conditions of temperature and gravity (§ (6)). 

Accordingly, either the height of the baro- 
metric column is measured by a cathetometer, 
or else a scale is set up near the mercury 
column as part of th© barometer, and suitable 
means provided for reading the liquid level 
on the scale. The latter method is usual in the 
meteorological barometer ; the cathetometer is 
sometimes used in the laboratory when great 
accuracy is required, and is generally an 
adjunct of the primary fundamental barometer 
as used in the various national standardisation 
laboratories (§ (9)). 

Alternatively, a medium which is sensitive 
to changes of pressure may be used as a 
barometer. The elastic properties of a tliin 
metal membrane or diaphragm have been 
used to indicate the difference between the 
pressures on its two surfaces. 

By using a vacuum - box formed of two 
membranes the present-day aneroid barometer 
has been evolved, indicating pressures through 
the medium of the movement of one of the 
membrances of its vacuum-box, the other 
being fixed at its centre. 

It is customary to use a system of lovers to 
obtain sufficient magnification of the move- 
ment of the diaphragm to indicate it on a 
suitably open scale. This has generally proved 
satisfactory for all aneroids whether self- 
recording or not, and is convenient for a 
portable instrument. 

Broadly speaking, the instruments used for 
atmospheric barometry belong to one or other 
of the two general types just indicated. 

II 

_ § (2) Units of Measurement of Pressure. 
(i.) The. Mercury Unit .— Since the principal 
item in the determination of pressure by the 
mercury barometer is tbe measurement of the 
height of the mercury column, it is natural 
that the scale of this instrument should be 




B 


B 


Figs, i, 2, and 3. 
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graduated in pure length units* i.e. in inches 
or millimetres. 

The English standard of length being defined 
at a temperature of 62° F., the inch barometer 
is designed so that when its temperature is 
62° F. the instrument measures true inches 
of mercury at 62° F. Similarly, since the 
International Prototype Metre is defined as 
standard at 0° C., the scale of a metric 
barometer measures the mercury column in 
correct millimetres when the temperature of 
the instrument is 0° C. 

The measurement of barometric height is 
only part of the complete determination of 
pressure, since the condition of the mercury 
has not yet been defined. This is done by 
specifying the mercury to be under standard 1 
conditions of temperature and gravity. 

Standard gravity is defined as the value 
of gravity at sea-level in latitude 45°. Its 
value has been accepted as 1 980-665 cm. 
per sec. per sec. by the International Com- 
mittee on Weights and Measures. 

The standard temperature for the mercury 
has always been taken as 0° C. (32° F.). 

It is often customary in practice to regard 
the expressions “ millimetres of mercury,” 

“ inches of mercury,” as implying that the 
mercury 2 is under standard conditions, but 
it is preferable to say so definitely. A metric 
barometer may be regarded as having a 
standard temperature 0° C. It can hardly 
be said that an inch barometer has a standard 
temperature, for when the mercury is under 
standard conditions the scale is not, and vice 
versa . There is, however, one temperature, 
not far removed from 32° F., at which the 
direct reading of the inch barometer gives 
true inches of “standard” mercury. This 
temperature lies between 28° and 32° F,, 
the exact value depending on the type of 
mercury barometer. It is not of much 
j importance in practical barometry. In general, 
neither the scale nor the mercury is at its 
own standard temperature. The indications 
of the mercury barometer, therefore, need 
correction for departures from standard 
conditions. The basis and procedure of 
application of these corrections is considered 

in § (6). . 

The case of an aneroid barometer is rather 
different. This instrument lends itself to the 
direct indication of pressures in absolute 
pressure units. The aneroid, however, can 
only be calibrated by reference to a barometer 


■i At the 15th Conference G6n6ralc des Poids et 
MEesures, held in 1013, it was decided to retain this 
value, although the most recent work had resulted 
in the value 080*021. This decision has an important 
bearing on the question of accurate determination 
of pressures in absolute units. It will be referred 
to again in connection with the correction of mercury 
barometer readings to standard gravity (see § (G), 

- From here onwards standard mercury will be 
referred to as “ mercury 


of another type, such as the mercurial instru- 
ment. Consequently, it has been customary, 
for the sake of uniformity, to graduate the 
scales of pressure-reading aneroids in terms of 
the units used for mercury barometers. Thus 
we see aneroid dials graduated in “ inches ” 
or “millimetres,” meaning inches or milli- 
metres of standard mercury. 

There is a third unit, an absolute unit of 
pressure, frequently employed nowadays in 
the graduation of scales of both mercury 
and aneroid barometers, particularly meteoro- 
logical barometers. This is the “ bar.” It 
belongs to the C.G.S. system of units, and is 
defined as the pressure of one 3 million dynes 
per sq. cm. 

In magnitude it is somewhat smaller than the 
average atmospheric pressure at sea-level. To give 
a closer conception of the size of this unit the relation 
between it and the inch and millimetre of “ mercury ” 
is given below. It depends on the weight of unit 
column of standard mercury, and in this connection 
the following numerical values have been adopted 
in England : 

Density of mercury \ = 13 . 5955 grammes pcr cub . cm. 

atO U J 


Value of “standard”'! 

gravity, i.e. at I 4 om . per sec. per sec. 

mean sea level in 
latitude 45° J 

With these values it follows that the weight of a 
cubic cm. of mercury under standard conditions of 
temperature and gravity is : 

13*5955 X 980*617 = 13332*0 dynes. 


Accordingly the following numerical relations have 
been accepted : 


I millimetre of 
“ mercury ” 


f = 1333*20 dynes per sq. cm. 
\ = 1-33320 millibars. 


( (==25*4 mm. to within 1 part 
in 1 million) 

= 33863-2 dynes per sq. cm. 

= 33-8632 millibars. 


f =0-750076 mm. of “mercury” 
Inversely 1 millibar-^ =0-0295300 in. of “ mercury.” 


If a mercury barometer scale is graduated in 
millibars its scale divisions will be very nearly equal 
to § mm. 

The adoption of the absolute tm.it for use 
•in practical atmospheric barometry has been 
a matter for some discussion. It is of practical 


3 This definition is not entirely universal, as in 
some spheres of work the “ bar " has been under- 
stood to be the pressure of 1 dyne per sq. cm. 

4 This value was arrived at before the 15tn 
International Conference made its decision in 1 J13 
to retain the old value 980-665 cm. /(sec.)" of standard 
Gravity It has not been thought lib to alter tins 
value for the present. If at any future time a change 
should be made, the whole of the data should come 
under review, including the value of the aensity ot 
mercury, which appears to have been taken too high 
Tby a few units in the fourth decimal. 
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and scientific importance in meteorological 
work that regular readings of the atmospheric 
pressure should be charted, not only over 
large areas, but over a considerable range of 
altitude. Excellent progress in this work has 
been made during the last two decades, and 
much has been done through international 
co-operation. One of the principal reasons 
for the introduction of the millibar unit into 
the daily weather service of this country is 
that its use is a step towards the genera) 
adoption of an international system of units 
which would do away with difficulties which 
have arisen in the past in correlating the 
inches of mercury 53 read by English-speaking 
countries with the fic millimetres of mercury ” 
found in other countries. The substitution 
for the English unit of the existing metric 
unit (mm. of mercury) was found not to solve 
all the difficulties, and in the study of the 
upper air the millibar has been used by the 
London Meteorological Office since 1907. 

From January 1914 onwards, weather charts 
in millibars have been regularly published both 
by the London Meteorological Office and the 
United States Weather Bureau. 

The majority of the barometers used officially in 
the weather service of this country are now graduated 
in inches and millibars. This applies to the mercurial 
and aneroid instruments. The work of graduating 
existing mercury barometers in millibars is largely 
a matter of time, and has been in progress since 
1914. The general policy has been to preserve the 
existing inch scales, at least temporarily, and to 
add a millibar scale to each instrument. 

Some doubt was raised, in the first instance, as to 
the propriety of using the absolute unit for a mercury 
barometer, since the primary function of this instru- 
ment is to measure lengths rather than pressures. 
The objection was also raised that the nominal milli- 
bars of the instrument would only become true milli- 
bars by the application of a series of corrections. 

Under the then existing unit, the inch barometer 
read true inches at one temperature only, and 
required corrections at other temperatures for 
thermal expansion. The millibar unit introduces 
gravity as well as temperature into the basis of 
graduation of the barometer scale, but as the effect 
of change of gravity on the indications of the mercury 
barometer at a given pressure is small compared 
with the thermal effect, it is clear that for any 
given value of gravity — Le. for a given location of 
the instrument — there is some temperature at which 
the barometer reads true millibars. 

This temperature is called the fiducial temperature. 
With this as basis the true pressure is measured by 
applying a single correction for the departure of the 
current temperature of the instrument from its 
fiducial temperature. This principle is in operation 
to-day in this country, in the absolute determination 
of atmospheric pressures in millibars for the daily 
weather service. 

(ii.) The Standard Atmosphere . — While the 
use of the millibar unit may be regarded as 
well established among meteorologists gener- 


ally, the point of view of the pure physicist still 
favours the retention of the “ millimetre ” 
together with the “ standard atmosphere ” 
to which so many reductions are made in 
gas-pressure work. The standard or normal 
atmospheric pressure is defined as the pressure 
due to the weight of 760 mm. of mercury at 
0° 0. and at sea-level in latitude 45° (i.e. 
1013-23 millibars). 

The meteorologist is inclined to regard his 
standard atmospheric pressure as 

1000 millibars, i.e. 1 megadyne per sq. 
cm., which is equivalent to 750-076 mm. of 
“ mercury.” 

There are occasions, however, on which ho 
fias to make reference to the physicist’s 
standard. 

(iii. ) Other Units . — Apart from the inch, the 
millimetre, and the millibar, other units are 
rarely used in pure barometric work. The 
engineer’s unit, the pound 
per sq. in., is occasionally 
used for the aneroid baro- 
meter described in this 
article. It belongs rather 
to the pressure - gauge, 
which is discussed else- 
where. 1 

Closely allied to baro- 
metric work is the 
measurement of heights 
in aviation and in sur- 
veying. For such pur- 
poses aneroid barometers 
are made with height 
scales. Mercury baro- 
meters would rarely have 
a height scale unless used 
as a standard to ealibi'ate 
such aneroids. 

The basis of graduation 
of height scales is referred 
to under VI., §§ (16), (17). 


III. The Mercury 
Barometer 



§ (3) Types and De- 
tails of Construction. 
— (For barometers of 
specially high precision 
see § (9)). 

(i.) The Fortin Type 
Barometer . — A general 
view of a modem Fortin 
barometer is given in 
Fig. 4. 

The distinctive feature 



Fig. 4 . — Fortin Type 
Barometer. 


of this type of instru- 
ment is the arrangement designed by Fortin 
for controlling the level of the mercury in 
the cistern so as to avoid moving the scale 
1 See “Pressure, Measurement of,” Vol. I. 
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which measures the height of the barometric 
column. Incidentally the design permits the 
mercury to fill the tube and cistern of the 
instrument if desired, thus making the 
barometer easily portable. 

(a) Cistern of Instrument . — A typical Fortin 
cistern, as made nowadays, is illustrated in 

Fig. 5, both externally 
and internally. 

A flexible bag B, 
made of suitable soft 
leather, tied securely 
to a boxwood frame 
F, forms the base of 
the mercury container 
ia the cistern. Im- 
mediately below the 
centre of the bag is 
an adjusting screw S, 
which is used to raise 
the centre of the bag, 
and so raise the mer- 
cury to any desired 
level in the cistern. 
The upper end of the 
screw is pivoted so as 
not to twist the hag. 
Direct attachment of 
the screw adjuster to 
the hag is not essential, as the weight of the 
mercury keeps the bag in contact with the end 
of the adjuster and maintains it extended as 
far as the adjuster permits. 

Some makers, however, do not rely on this, 
but provide a free joint between the bag and 
the upper end of the adjuster, together with a 
stop for preventing the adjuster from being 
lowered excessively. A glass cylinder G 
exposes to view the surface of mercury in the 
cistern, and also the pointer P securely fixed 
to the roof of the cistern. The end of this 
^ pointer serves as the zero of the scale of the 
instrument, and it is to this point that the 
level of the mercury must ho brought on 
each occasion of reading the barometric height. 
It is sometimes called the fiducial point, being 
the reference or starting-point relied upon in 
measuring the barometric column. The lower 
part of the glass barometer tube is also shown. 
A joint is made between it and the neck of the 
eistern at J. This may be done by cement, 
but not necessarily so, as the cistern need only 
be mercury-tight, not air-tight. The lower 
end of the tube, technically called the tail- 
piece, T, consists of a short length of semi- 
capillary tubing of approximate bore, 1 to 2 
millimetres, so as to diminish the chance of air 
finding its way up the tube. The tail-piece 
is fused to the main barometer tube, which, in 
the case of a Fortin, type barometer, is usually 
in one piece of uniform bore. 

The construction of the remainder of the 
cistern can be seen from the diagram, and is 


generally of brass, but reference should be 
made to the means provided for ensuring a 
complete and quick communication of the 
external atmosphere with the interior of the 
cistern. 

The upper and lower ends of the glass 
cylinder O rest against leather washers, but 
the upper of these is not relied upon to 
communicate with the external atmosphere. 
This is done by making a porous joint at the 
neck of the cistern, which is mercury-tight 
but not air-tight. One maker, at least, relies 
on a kind of boxwood of such porosity that 
there is no undue lag in equalising the air 
pressure outside and inside the cistern. 
Other kinds of joints are also in use. An 
alternative arrangement is to make the cistern 
air-tight, but to insert in its roof a small 
threaded cock or nipple which can be opened 
or closed to the outside air. This plan is, in 
general, not altogether desirable. 

( b ) Glass Barometer Tube . — The barometer 
tube, necessarily closed at the upper end, 
which is usually about 33 inches above the 
fiducial point, is in this country usually made 
of lead glass. It is held vertically at the joint 
with the neck of the cistern, but other supports 
or guides are provided between it and its 
metal sheath, which is of brass, usually of 
tubular form, also fixed to the neck of the 
cistern, and terminating at the upper end in a 
ring from which the whole instrument is 
suspended. This sheath is suitably slotted 
in. order to admit of viewing the summit of 
the mercury column in the glass tube. 

The general manner of preparation of a 
glass barometer tube is indicated under 
§ (4). 

The bore of the tube depends on the accuracy 
expected of the barometer, and may vary 
from ^ in. to f in. The most suitable size is 
between. 0*4 in. and 0*5 in. 

(c) Barometer Beale . — It is a convenience 
to engrave the barometric scale on the metal 
sheath. This is almost universally done, 
and incidentally brings the scale as near as 
practicable to the mercury column measured. 
The scale is silvered, and the graduation lines 
blackened for clearness. 

Barometers usually have one or two scales 
according to requirements as to the units in 
which pressures are to be expressed. When 
the scales are two in number, they are set one 
on either side of the slot in the sheath through 
which the top of the mercurial column is 
viewed, but the design of the instrument 
would admit of the addition of a scale in 
some other unit of pressure, if desired. 

The length of graduated scale depends on 
the station at which the barometer is to be 
used. At sea - level the maximum range of 
variation in atmospheric pressure is 3 Id to 
27-3 inches of mercury. Consequently for use 



Fia. 5. — Cistern of Forti: 
Type Barometer. 
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at stations near sea-level a nominal working 
range of about 31 to 27 inches (790 to 690 
mm., or 1050 to 920 millibars) is sufficient. 
The scale, however, must be subdivided above 
the upper limit to a distance dependent on the 
length of the vernier used in reading fractions 
of a scale division. 

If the barometer is to be used in a mine, the 
upper limit must be increased, following the 
increase of atmospheric pressure with the 
depth of the mine. 

The lower limit of the scale is governed by 
rhe maximum altitude at which the instru- 
ment is to he used. Fortin type barometers 
are rarely made to read lower than 20 inches., 
unless made specifically for use in mountaineer- 
ing and high - altitude surveying. In such 
cases the instruments are of special dimensions, 
and are considered as mountain barometers 
under the sub-heading “ Modifications of 
Fortin Type Instruments ” (§ (3), (ii. )). 

(d) The Indicator used to read the Top of 
the Mercury Qolumn in Terms of the Barometer 
t Scale . — The vernier still remains the usual 
medium for indicating fractions of a scale 
subdivision in obtaining the atmospheric 
pressure by means of the mercury barometer. 
(See suggested modifications in § (5), (i.)). 

The vernier plate V" (j Fig. 4) is a good sliding 
fit in the slot S in the metal sheath of the 
barometer. It is attached rigidly to a short 
length of metal tubing, which is a good sliding 
fit inside the metal sheath. The lower rim 
of this short slide, which may now be called 
the setting slide, is the means of determining 
the line of sight of an observer in reading the 
level of the top of the mercury column. Its 
motion is operated by a rack and pinion, 
actuated by a milled head placed conveniently 
at the side of the barometer. The slide is 
regarded as ce set ” when the plane through the 
lower rim of the setting slide appears just to 
touch the summit of the meniscus of the 
mercury column, judged by the observer 
looking through the glass tube against a white 
background. Unless the illumination of this 
background by daylight is good, additional 
means should be provided, giving a diffuse 
but not a brilliant illumination of the back- 
ground. 

The vernier usually has its zero at approxi- 
mately the same level as the line of sight in 
setting, and the reading in terms of the baro- 
meter scale can easily be taken, using the 
vernier to indicate fractions of a subdivision. 

The manner of graduating and interpreting 
a vernier has been set out at some length 1 in 
publications both of the London Meteorological 

1 The Observer's Handbook , published ^by H.M. 
Stationery Office, London ; The Marine Observer's 
Handbook, published by H.M. Stationery Office, 
London ; Barometers and the Measurement of Atmo- 
spheric Pressure, published by the Gfovernment 
Printing Office, Washington. 


Office and of the United States Weather 
Bureau, and will not be described here. 

It is sufficient to say that, usually, the 
vernier of a Fortin type barometer is graduated 
to read 0*002 inch (0*05 mm., or 0*1 millibar) 
directly according to the unit used ; that is, 
one subdivision of the vernier corresponds to 
0*002 inch. 

In the highest grade instrument the vernier 
may read to 0*001 inch directly, while in some 
cases, more frequently in other types of 
mercury barometer, the graduation of the 
vernier to yield only 0*005 or 0*01 inch is 
regarded as sufficient. 

(e) Attached Thermometer . — In all but excep- 
tional cases, a mercury- in -glass thermometer 
is a necessary adjunct to the mercury baro- 
meter owing to the relatively high thermal 
expansibility of the mercury in the barometric 
column. 

The position of the thermometer is a matter of 
some importance, as it is desirable that the thermo- 
meter should register as nearly as possible the mean 
temperature of the mercury column, yet it is not by 
any means certain that the barometer will be used 
in surroundings free from considerable vertical and 
horizontal gradients of temperature. Accordingly, 
the best plan, in general, is to mount the thermometer 
with its bulb as near the centre of the barometric 
column as practicable. This is customary, the 
thermometer being mounted in a frame attached to 
the metal barometer sheath. Under favourable 
conditions of location of the instrument, this practice 
may be regarded as sufficiently satisfactory. 

Sometimes the bulb of the thermometer is im- 
mersed in a tube of mercury of similar diameter to 
that of the barometer tube in order that the lag of 
the thermometer should be, as nearly as possible, 
equal to the thermal lag of the barometric column. 
Though this practice can he recommended in cases 
in which the barometer is set up in a room where the 
temperature is very steady, its object may bo defeated 
by the unsuspected presence of a horizontal gradient 
of temperature between the thermometer and 
barometer. 

It is not advisable to mount the thermometer 
in or near the cistern of the barometer. 

(/) Procedure in setting up and readmg a 
Fortin Barometer . — The instrument is here 
assumed to be in good order. (See § (7) for 
the consideration of instrumental defects.) 

A Fortin type barometer should not be free 
to swing when read. This would hinder the 
setting of the mercury to the fiducial point 
owing to oscillation of the mercury* The 
instrument, suspended by its ring, should be 
clamped at the base of its cistern in a vertical 
position. 

In the case of barometers from which an 
accuracy of 0*002 inch, or better, is expected, 
care should be taken that the axis is vertical. 
Since the pointer does not lie in the vertical 
axis of the instrument, its vertical distance 
| below, say, the 30-inch graduation line of the 
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scale will vary somewhat, the variation de- 
pending upon the exactness with which the 
verticality of the barometer can be reproduced. 
The error consequently involved is not merely 
the familiar “ cosine 55 error depending on 
the angle of tilt of the instrument, but includes 
an expression which increases with the distance 
of the pointer from the vertical axis of the 
barometer. In general, when the barometer 
is suspended by its ring from a peg, it does 
not hang in exactly the same way each time 
it is suspended, nor does it return to exactly 
the same position after being swung or dis- 
placed slightly. The amount of error possible 
in the barometer reading due to this cause 
is about 0-001 to 0*002 inch. It is dis- 
cussed in § (7). Whenever this error is 
of consequence, the barometer should be set 
up so as to rotate strictly about a vertical 
axis. This condition is secured if the pointer, 
when just in contact with the mercury in the 
cistern, remains so however the barometer is 
rotated. Each instrument is usually provided 
with a means ( e.g . a ring and three radial 
screws) for clamping the cistern at the pre- 
determined vertical position. Only in cases 
where the error due • to indefinite verticality 
of the barometer is Imown to be small, 
compared with the accuracy expected of the 
instrument, should the above convention in 
setting up a Fortin barometer be ignored. 

In order to determine the barometric height 
from a Fortin barometer, the mercury in the 
cistern should be raised, by means of the 
screw provided, so that it just touches the 
end of the pointer. The observation of exact 
contact of the point and its image by reflection 
qt the mercury surface is usually a sufficient 
criterion. of a good setting if the mercury is 
clean, and is normally well judged through a 
reading lens. 

A* very small amount of “ overlap 55 1 in 
raising the mercury surface can easily be 
discerned by watching the dimple caused by 
the end. of the pointer dipping in the mercury. 

The setting slide; at the top of the barometric 
column is then brought into position as before 
indicated, and the scale and vernier read. * 

It is advisable to read the attached thermo- 
meter just before making the barometer 
setting in order to minimise errors due to 
heat from the observer’s body. 

In order to obtain the highest accuracy and 
consistency f rom the instrument, it is advisable, 
in all but the largest size barometers, to tap 
the metal sheath in order to obtain, as far as 
possible, a consistent shape of the mercury 
meniscus. 

(Errors dependent on the shape of the 
meniscus are discussed under § (7), (ii. ).) 

(ii. ) Modifications of the Fortin Type Baro- 
meter*— (a) The mountain barometer, as made 
2 Of the order 0*0002 inch in the average barometer. 


in this country, is usually of the Fortin type, 
but with tube and cistern of considerably 
diminished diameter. In general, the bore of 
the tube lies between 0-20 and 0*25 inch. 
Sometimes it is less, though this is not to be 
recommended, as there is likely to be consider- 
able loss of accuracy in the instrument. 
The practice, with some manufacturers, of 
reducing the bore of the tube excessively 
without reducing the nominal precision with 
which the vernier reads is misleading. 

In practice, a mountain barometer is fitted 
with gimbals on which it is suspended verti- 
cally from a tripod stand. This method of 
suspension is satisfactory in the circumstances 
under which the instrument is used. 

The average weight of a mountain barometer, 
excluding tripod, is about 3 lbs. 

The scales of mountain barometers are 
usually graduated down to 18, or even down to 
15 Inches. There is rarely occasion to use 
them below this pressure, which corresponds 
to an approximate altitude of 2O$r0OO feet. 

Owing to the length of the graduated scale, 
two verniers are often provided, one each 
for the upper and lower half. This is practi- 
cally a necessity if the cc rack and pinion 55 
method of operating the vernier is adhered to. 

Some' makers dispense with this and fit a 
single setting slide and vernier designed for a 
sliding coarse motion and a screw slow motion. 

It is noteworthy that the leather bag in the 
cistern of a mountain barometer is required to 
withstand a considerable load at high altitudes, say 
at 20,000 feet, when the instrument is being made 
portable in the ordinary way by raising tlio bottom 
of the bag until the mercury completely fills tho 
cistern and tho tube. The pressure on the bag is 
proportional to the distance from the top of the tixbe 
to the top of the barometric column when in atmo- 
spheric equilibrium. 

(b) As an alternative to the use of a leather bag for 
varying the level of tho mercury in tho cistern, a 
piston may be employed, actuated by a milled-head 
screw at the base of the cistern. 

There are not many such instruments in this 
country. 

(iii. ) The Movable Scale Barometei\ — In 
principle, this instrument differs from the 
Fortin, type in that the zero of its scale, i.e, 
the fiducial pointer, is adjusted to the level 
of the mercury in the cistern instead of 
vice versa . 

Two designs of this type rnay be noted : 

(a) The Newman pattern, 

(b) The Observatory barometer. 

The latter is a large pedestal .barometer, of 
massive, design, and cannot be classed as a 
portable barometer. 

In the Newman instrument the cistern is 
divided into an upper and a lower compart- 
ment, with an intercommunication port which 
can be opened or closed at will. In order to 

h* 
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make the barometer portable it is carefully 
inverted, and the port hole closed. 

An instrument of this pattern, was in regular 
use at Kew Observatory as a working standard 
for the verification of "barometers before this 
work was transferred to Teddington. 

(iv.) The Kew Pattern Barometer . — The 
Fortin and other barometers just described all 
depend on a double setting in giving the 
atmospheric pressure, i,e. it is necessary to 
make a setting on both the base and the 
summit of the barometric column. 

This procedure can be shortened by the use 
of a Kew pattern barometer which yields 
direct indications by means of a single setting 
on the summit of the column. 

If the cistern and the glass tube of the 
barometer are cylindrical, the change in the 
level of the mercury in the cistern correspond- 
ing to a given pressure change is a definite 
fraction of the change of level of the summit 
of the mercury column, and the value of this 
fraction depends only on the dimensions of 
the instrument, it being assumed at this 
stage that the temperature is constant. 

It will readily be seen that the movement 
of the mercury in the tulbe is always smaller 
than that which would be obtained if the 
mercury in the cistern were brought to a 
fiducial point. Accordingly the scale of the 
instrument is contracted in order to make its 
readings comparable with those of a Fortin 
type barometer. The amount of contraction 
is not large. In practice, a nominal inch of 
scale on a Kew pattern barometer rarely 
measures less than 0-95 true inch. 

The majority of barometers made for 
meteorological use have their cistern of 
internal diameter about five times that of the 
tube, corresponding to a 
scale-contraction-value of 
0*96 approximately. 

Greater and more per- 
manent accuracy can be 
obtained by increasing 
this ratio (see § (7)), In 
this way a Kew pattern 
barometer may be made 
to yield almost as great 
an accuracy as that of a 
Fortin type barometer 
having the same bore of 
tube. 

A typical small size 
cistern belonging to a 
Kew pattern meteoro- 
logical barometer is sho wn 
Fig. 0. in Fig. 6. It is of iron 

throughout, and has an 
internal flange, 1 which not only diminishes the 
amount of mercury required, but also damps 
the oscillation of the mercury in the cistern 
1 This flange is not essential. 



when the barometer is in the horizontal 
position during transport. 

The end of the tail-piece of the glass tube is 
situated as nearly as possible at the centre 
of the cistern so that it shall be efficiently 
sealed by the mercury in all positions of the 
instrument, whether erect, horizontal, or 
inverted. 

Kew barometers, unless of exceptional size 
or design, are usually made portable by care- 
fully tilting them 2 until the mercury fills 
the tube. They may then be carried either 
horizontally or cistern upward. 

The means of atmospheric communication 
between the interior and exterior of the 
cistern are similar to those adopted and 
described for the Fortin type barometer. 

The Kew instrument is sometimes referred 
to as the “fixed cistern barometer.” It is 
now generally understood that the terra 
“ Kew pattern ” refers to those barometers 
which have a uniform, contracted scale to 
compensate for the lack of adjustment made 
to the mercury level in the cistern by means 
of a fiducial point. 

Technically this compensation is called 
“ Compensation for Capacity.” 

(v.) The Kew Pattern Marine Barometer . — The 
Kew pattern marine barometer was developed, 
as its name indicates, at Kew Observatory, 
in the middle of the nineteenth century, in 
-devising a barometer suitable for use under 
conditions at sea. 

As the oscillation of the mercury was a 
serious obstacle to the taking of readings 
aboard ship, the glass barometer tube was 
constricted so as to oppose the flow of mercury 
through it. The amount of constriction was 
arranged to compromise between the error due 
to oscillation, or u pumping ” as it is techni- 
cally called, and the error due to the lag of the 
mercury column in following the variations of 
atmospheric pressure. 

The present form of marine barometer tube 
is shown in Fig . 7. It consists of four parts 
fused together. The cylinder 0, through which 
the top of the barometric column is viewed, 
is of lead glass carefully selected, for uniformity 
of bore. The constriction S here illustrated 
is a length of capillary tubing of uniform boro, 
generally 0*1 mm to 0*4 mm. according to its 
length. 

In some makers’ instruments this tube is 
replaced by a piece of semi - capillary tubing 
of approximate bore 2 or 3 mm. Tins hi 
itself has negligible lagging effect, but the 
constriction is supplied by drawing it out lino 
locally. The former alternative is to be 

2 In the case of a marine barometer the mercury 
takes a minute or so to till the tube owing to its 
impeded how through the constricted position of the 
tube. The instrument should not be wet in the 
horizontal position until the tube is completely 
111 led. 
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preferred, as it is not so likely to lead to 
choking of the tube as the latter, which is a 
narrower constriction. 

The air - trap, which is funnel - shaped, is 
inserted so as to collect at A any air that may 
rise into the barometer tube 
from the cistern, and to pre- 
vent it from reaching the 
upper end or vacuum space 
of the barometer tube- It 
is of course essential to place 
this trap below the constric- 
tion. Usually a single trap 
is employed, though a double 
one may appear necessary in 
some cases, judging from the 
amount of air that sometimes 
finds its way to the top of 
the tube. 

The tail-piece T should be 
externally cylindrical, since 
the movement of the mercury 
level, both in tube and cistern, 
is expected to be proportional 
to the pressure -change. Uni- 
formity of tail-piece, however, 
is of secondary importance 
compared with that of the 
cylinder C. 

Note on Nomenclature . — Mercury 
barometers designed for use on 
land may for convenience bo classi- 
fied under the general heading 
4t Station barometers,” these in- 
struments being most frequently 
used at a fixed station. Fortin 
type barometers belong essentially 
to this class. 

Apart from the constriction of 
the tube, the Kew marine baro- 
IfiG. 7. meter is similar to the Kew 
station barometer. As the 
marine type is not entirely suitable for use on land, 
the distinction between the two should be carefully 
drawn. The station barometer is of course useless 
as a marine barometer. 

In order to economise mercury, the station baro- 
meter tube is rarely made of uniform bore throughout 
its , length. The lower parts of the tube, though 
narrowed considerably internally, should not be such 
as to impede the flow of the mercury, or render the 
barometric column sluggish in taking up equilibrium 
with the atmospheric pressure. 

(vi.) The Gauge Barometer . — This instrument 
may be regarded as a barometer with a wider 
sphere of use than that of any type previously 
described, though differing only in detail. 
It is understood to mean a barometer which 
can be put in connection with any artificial 
gas pressure, and in this article it is considered 
as covering the ordinary atmospheric pressure 
range associated with the other barometers 
described. 

The Fortin and Kew meteorological baro- 



meters are arranged, to measure natural 
atmospheric pressures only. The gauge baro- 
meter measures artificial pressures in addition. 
It may be of the cistern type, or of siphon 
pattern. In the former case the cistern is 
made air-tight, and fitted with a cock or 
nipple for connection with the pressure to be 
measured. 

If high accuracy is required — e.p. for the 
determination of some physical constants, or 
for other special work — the diameter of the 
barometer tube would necessarily be large, 
say from 0*6 to 1 in., and the mercury levels 
would be read by suitable accurate micro- 
meters, which might be either optical or 
mechanical indicators. 

For work of good but lower accuracy than 
the above, the usual vernier indicators or 
vernier setting - slides arc sufficient. In this 
case it is customary bo select a Kew pattern 
barometer gauge, since it measures pressures 
by a single setting only. A gauge of this 
description, at the National Physical Labora- 
tory, Teddington, has been found most service- 
able in testing aneroid barometers. Its special 
feature is a large cistern of internal diameter 
6 in., which serves to minimise errors due to 
variation in shape of the mercury meniscus 
in the cistern (see § (7), (ii.)). 

This instrument, which has a tube of £ in. 
bore, is graduated from 52 inches downwards 
with a long range scale, aad can be relied upon 
to yield a precision, of ± 0*002 in. throughout 
its range. It is a matter of interest to record 
that, during its five years* frequent use at the 
laboratory, no permanent change exceeding 
0*001 in. has been detected in its performance. 

As an alternative to the Itaw typo of gauge 
barometer, tlie siphon type may bo used. A 
~|-in. tube siphon gauge barometer, read by 
verniers, would give rather less accuracy 
than the instrument just referred to. It 
would he more troublesome to keep in good 
condition us the mercury hr the open limb 
of the gauge often becomes foul in the course 
of at few months, and leaves at deposit on the 
glass tube. 

As an advantage, the siphon type admits 
of being calibrated from first principles by 
measuring up the barometric column with a 
cathetomoter. The Kew type instrument 
does not admit of this. 

(vii.) Other Types of Mercury Barometer . 
(a) Not Self-recorcli ng . — -The Fortin and Kew 
types of mercury barometer arc widely used 
for accurate metoo rologicod work. Other 
types, such as the siphon or LJ -tube barometer, 
Ho wson’s barometer, the Syuipteacmeter, etc., 
will not be considered in detail here. Refer- 
ence may be made to in eteor ologioal publica- 
tions for a general account of these and other 
me rcurial barometers. 

The siphon barometer, though not possessing 
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tli© practical advantages of a Tortin or a Kew 
barometer, is of importance since it is used 
in a somewhat modified and more elaborate 
form as a high, precision fundamental standard 
barometer, i.e. as an instrument designed to 
admit of accurate determination of pressure 
from first principles (see § 9)). 

( b ) The Self-recording Mercury Barometer . — 
Self-recording mercury barometers are not 
easily made portable, and their sphere of 
usefulness is in general limited to observa- 
tories and similar institutions. 

When a barometer is made self-recording 
it is usually at the expense of accuracy. 
Moreover, mercury barographs are not often 
compensated against changes of temperature. 
There are, however, several instruments of 
widely different design which can be said to 
attain fair accuracy. One instrument at Kew 
is arranged so that the summit of the baro- 
metric column is directly photographed. 
Another is based on the principle of a float 
resting upon the mercury in the open limb of 
a siphon barometer, and actuating, by means 
of a lever, a pen which produces a record on 
a suitable clock- driven drum. 

Usually in this type of instrument the accuracy 
is limited by the friction of the pen and magnifying 
levers, and as an alternative, electromagnetic devices, 
actuated by the float, have been introduced to perform 
the real labour of moving the pen. 

Another class of self-recording barometer has been 
designed on the principle of automatically weighing 
the barometric tube from the beam of a balance. 

An excellent account of several self-recording 
mercury barometers is given by the United States 
Weather Bureau . 1 Special reference may be made 
there to the detailed description of the Marvin 
compensated barograph. 

The tube of this instrument is made in three 
parts, viz. the U-bend, together with the two limbs, 
>vhose lower ends are tapered and ground so as to fit 
into the U -piece. The purpose of this is to facilitate 
filling the siphon, and to enable the open limb to be 
removed at intervals when the surface of the 
mercury needs cleaning. 

Attention has also been given in this instrument 
to the question of compensating the barometer for 
changes in its temperature. The difficulties of so 
compensating the readings of a mercury barograph 
can best be overcome in the syphon barometer by 
suitably adjusting the volume of mercury in the 
instrument, so that the upward motion of the float 
due to the thermal expansion of the mercury balances 
the downward motion due to the expansion of the 
glass tube. 

The Microbarograph , . — Reference may at 
this stage be made to an instrument which 
works on an entirely different principle 
from the ordinary barograph (whether mer- 
curial or aneroid). It was designed by Shaw 


1 See Circular F of the Instrument Division, 
entitled Barometers and the Measurement of Atmo- 
sphere Pressure , published by the Government 
Printing Office, Washington. 


and Dines, and records small fluctuations of 
the atmospheric pressure to which ordinary 
aneroid, and even mercury, barographs are 
insensitive. This instrument is referred to 
elsewhere under the heading of “ Meteoro- 
logical Instruments.” 

§ (4) The Preparation, Adjustment, and 
Testing of Mercury Barometers, (i) 
Preparation of Tubes . — The general design of 
the more usual types of mercury barometer 
has already been indicated in § (3). 

A brief reference should be made, at this 
stage, to the preparation of the glass barometer 
tube. 

G-ood quality lead glass is generally used for 
barometer tubes by instrument makers in 
this country. Soda-glass is not used ; it has 
been found to exude soda in course of time. 
The selected tube should be of reasonably 
uniform bore and circular section. The 
narrower the tube the greater the precautions 
taken, in its selection, particularly for Kew 
pattern barometers, where uniformity of bore 
to within small limits is necessary in order 
to secure an equi-spaced scale. 

The tube having been selected, two con- 
ditions may be regarded as essential to the 
success of the barometer : 

(a) Cleanness and dryness of the mercury 

and tube. 

(b) A good vacuum above the barometric 

column in the tube. 

With regard to ( a ), cleanness is imperative, 
since the indications of the barometer are 
dependent upon a reasonable constancy of 
the capillary depression of the mercury 
column due to the action of the surface 
tension at the mercury meniscus in the tube 

(S (7b (ib)b 

Mercury admits of preparation in a highly 
purified state, without great difficulty, owing 
to the relative ease with which it can be 
distilled. 

Great care should be taken with the cleaning and 
drying of the tube. In the case of old barometers 
which require overhauling it is often considered wise 
not to attempt to clean and fill an old tube a second 
time. Lack of care in thoroughly drying the interior 
of the barometer tube may easily lead to the failure of 
the barometer as a precision instrument. The vapour 
from a film of water rr ^ ro th cubic millimetre in 
volume, introduced into the vacuum space of the 
average barometer tube is sufficient to make the 
instrument read low by an appreciable amount, 
which can be detected in testing the barometer 
(§ (7), GO). 

Closely linked with the question of cleaning 
and drying the tube is the process of filling 
it with clean dry mercury, and the method 
generally adopted is that of boiling the 
mercury in the tube. It is almost oxcl usivoi y 
employed in filling tubes of the usual sizes met 
in practical barometry* Large tubes arc 
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frequently boiled, but these, when full of hot 
mercury, are difficult to manipulate, and the 
risk of accident is consequently considerable. 

When the tube has been well cleaned and 
dried prior to being filled, clean mercury is 
introduced to a depth of a few inches by suit- 
able means, according to the nature of the 
tube to be filled, and afterwards heated. Air, 
which is inevitably moist to some extent, is 
readily trapped between the mercury and the 
walls of the tube. It can easily be detected 
by the appearance of the tube, and can be 
expelled, together with its moisture content, 
by careful and persistent boiling. Composite 
tubes, such as those of Kew pattern baro- 
meters, which consist of four or more parts 
fused together, require more attention, as 
moisture is liable to collect near the joints. 

The number of stages required for the complete 
filling of the tube varies with the size and nature of 
the tube. Since the boiling of the first portion of 
mercury introduced into the tube results in the 
expulsion of most of the air from the tube, and its 
replacement by mercury vapour, it would appear 
that the tube could be practically filled in one more 
stage by dipping its open end under some hot mercury 
in a reservoir. For the smaller tubes used in Kew 
barometers the process of filling does not necessitate 
a large number of stages. Big tubes of uniform bore 
throughout, such as those used in the construction 
of the largest Fortin type barometers, would require 
to be filled and boiled slowly ki several stages. 

If the tube is clean and dry before the introduction 
of the mercury, the method of filling by boiling gives 
satisfactory results, with a good vacuum above the 
mercury column when the tube is finally set up. 

(ii.) Filling Large Barometer Tubes . — Bor 
primary standard barometers and others 
which, apart from having large-size tubing, 
are of less simple design, the method of filling 
by boiling is impracticable, and the tube is 
filled under vacuum instead. This- method has 
now been found to give satisfaction, provided 
a good drying agent is used in conjunction 
with the vacuum pump while the tube is 
exhausted. Continuous heating is essential 
in order to remove the last traces of air which 
cling to the wall of the tube. There are 
several varieties of modern vacuum pump 
which can be used with satisfaction. 

(iii.) Pointing and Adjusting . — Before the 
scale of a barometer is ruled with the dividing 
engine, some test must be made in order to 
determine the location of a particular gradua- 
tion line of the scale. 

In a Fortin barometer, even if the scale of 
length is correctly ruled with reference to a 
zero coinciding with the end of the fiducial 
pointer, it will be found, in general, that 
when the top of the barometric column is 
read against this scale, the resulting indication 
is not correct within the requisite limits. 
This is due partly to what may be called an 
index error (really an error of parallax in 


transferring from the mercury to the scale), 
and partly to capillary errors consequent upon 
the action of the surface tension of the mercury 
both in the tube and reservoir. These latter 
errors will be discussed under § (7), (ii.). 

Clearly in the case of a Kew barometer it 
is more difficult, in the absence of a fiducial 
pointer, to graduate the scale from first 
principles. 

It is therefore the usual practice in the 
trade to <c point ” the instrument prior to 
ruling its scale. In the case of mercury 
barometers, this is generally done at current 
atmospheric pressures only, that is, in the 
neighbourhood of 30 in. (760 mm.). The 
<c pointing ” consists in marking off the level 
of the mercury on the brass tube on which the 
scale is to be graduated, and observing the 
corresponding true reading of the atmo- 
spheric pressure by means of a previously 
standardised mercury barometer. 

The treatment of a Kew barometer involves, 
in addition, the determination of the contrac- 
tion value of the scale. This can be calculated, 
ox* found from tables, when the exact sizes 
of the tube and cistern are known (§ (7), (iv.)). 

In general, instrument makers graduate their scales 
by setting their dividing engines to give the calculated 
or tabulated amount of scale contraction. Alterna- 
tively, the barometer under preparation may be set 
up in a vacuum chamber and pointed off under 
artificial pressures within the intended range of the 
scale. This method is more tedious and does not 
give better accuracy unless precautions arc taken to 
avoid errox's such as those indicated in § (7), (ii,). 

In the case of old barometers in which new tubes 
have to be fitted, pointing is unnecessary since the 
scale is already ruled. 

The Kew barometer can bo easily and accurately 
adjusted to read correctly at current atmospheric 
pressure by varying the quantity of mercury in the 
instrument. 

Other means, more or less obvious, can bo devised 
for adjusting a repaired Fortin barometer. In thin 
case the amount of adjustment should bo small if 
the instrument was correctly graduated when new. 

(iv.) Testing of Barometers . — Preliminary 
tests on a> barometer are, of course, necessary 
in tho instrument-maker’s workshop : they 
are made concurrently with the adjustment 
of the instrument, with the object of securing 
that the barometer shall be correct within 
certain prearranged limits before leaving 
the shop. 

Whenever desired, an independent test is 
made at the National Physical Laboratory. 
Broadly speaking, the tests on all mercury 
barometers comprise : 

(1) A preliminary inspection of the baro- 
meter with, a view to finding the more obvious 
errors of design, workmanship, and adjust- 
ment. 

(2) A series of comparisons, at current 
atmospheric pressures, between each ‘ c test ” 
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barometer and one of the working standard 
barometers of the Laboratory, which have been 
previously calibrated from first principles. 

(3) A series of comparisons, made at such 
artificial pressures as are required, between a 
“ test ” and a standard barometer in a vacuum 
chamber. 

These comparisons are usually made by 
means of a eathetometer (except in the case 
of gauge barometers), the method being to 
read the level of the summit of the mercury 
column of each barometer by telescope, the 
accuracy of the scale of each instrument 
being examined separately by eathetometer. 
It will be observed that in this test at artificial 
pressures, the barometer may not be read in 
the same way as it is when in normal use, 
since the readings taken on it when in the 
vacuum chamber are not made with the 
vernier setting slide. 

Note. — S ince barometers which are designed to 
read atmospheric pressures need not have an air-tight 
cistern, but only a mercury-tight one, the test at 
artificial pressures necessitates the enclosure of the 
whole barometer in a suitable receiver, and thereby 
increases the difficulty of reading it by its own 
vernier (or other) attachment in the normal way. 

In short, the test at artificial pressures is a relative 
comparison only, but of high accuracy. It is made 
absolute by combining the results with those of the 
test at current atmospheric pressures, which of course 
are made by vernier. 

It is here assumed that the vernier setting slide 
has the same error of parallax between the mercury 
column and scale for all positions along the scale ; 
but this assumption is tested independently from 
time to time, and due allowance made when 
necessary. 

The broad method of test just outlined would 
vary in detail with the type of barometer. The Lew 
pattern barometer requires rather more care in test- 
ing, since its scale is contracted to an extent depending 
on the dimensions of the instrument. 

In testing the barometer under artificial pressures, 
therefore, it is necessary to see whether the run of 
the mercury in the tube corresponds to the amount 
of uniform contraction of the scale, and is uniform 
over the working range of pressure of the instrument. 

In general the procedure of (a) contracting the 
scale to suit the dimensions of tube and cistern, or 
(b) selecting the tube to suit the scale and cistern, 
i.e. the compensation of the barometer for capacity of 
the tube and cistern, cannot be done without residual 
error. An allowance for this lack of compensation 
lias, therefore, to be made, and a ct capacity correc- 
tion ” determined and applied as a result of the test. 

§ (5) Methods of reading- Meroxtrv 
Barometers. — The methods of reading mer- 
cury barometers may be divided into two 
main classes according as the instrument is 
intended to yield ordinary or high precision. 

By ordinary precision is meant a degree 
of accuracy lying between 0*001 and 0*01 in. 
of mercury in the determination of pressure. 
Mercury barometers which do not reach this 


degree of accuracy, even under favourable 
conditions, can hardly be considered as 
precision instruments. 

(L) Ordinary Precision. — It is usual in the 
case of barometers of ordinary precision for 
the summit of the mercury column to be 
read by means of the familiar setting slide 
with vernier attachment, as described in 
§ (3), <L), ( d ). 

In general, this form of indicator has given 
satisfaction, though it has its limitations. 
Even with a slide and vernier of the best 
workmanship there is a personal element 
involved in performing the combined opera- 
tion of cc setting ” to the top of the mercury 
column and reading the vernier. 

It is, of course, essential to have a good 
though not excessive illumination of the back- 
ground, but, given a consistent illumination, 
it is found that trained observers may disagree 
to the extent of 0*001 in. in their inter- 
pretations of the indications of a good baro- 
meter. Consistency of “ setting M on the 
mercury meniscus depends on the limitations 
of the human eyesight, and one observer may 
see some light transmitted between the 
setting slide and the top of the meniscus 
when another observer cannot. Further, 
there is not always unanimity in reading a 
vernier unless its graduation lines are suffi- 
ciently fine and accurately ruled. 

In addition to the personal element in the 
use of this type of indicator, there is also a 
small inconsistency in the error of parallax 
in transferring from the top of the mercury 
column to the scale. This is occasioned by 
imperfections either in the fit of the setting 
slide itself, or else in the tubular metal baro- 
meter sheath along which the slide runs. 
Tests made on this form of indicator show 
that the error of parallax, though usually 
constant at a given point on the scale, is 
liable to variations of the order 0*002 in. 
along the scale. Occasionally this estimate 
is exceeded, though there is very little excuse 
for excessive errors of this nature. 

In the past there has been a tendency to 
overlook this matter, largely owing to the 
presence of other instrumental errors of 
greater magnitude, such as those due to 
variation of capillary action. 

(ii.) Modifications of the usual /Setting Slide 
and Vernier Arrangement . — It has on some 
occasions been considered that the vernier is 
not the ideal means of reading off fractions 
of a scale subdivision, especially when in the 
hands of an unskilled observer. 

Attempts have therefore been made to 
replace the vernier by a micrometer indicator 
reading directly, on a ring or drum, a con- 
venient fraction of a scale division. 

Two types of micrometer deserve mention : 
they have not yet been developed much 
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beyond the experimental stage. In each case 1 
the usual design of setting slide has been re- 
tained, with the exception of the replacement 
of the vernier. 

In the first type the micrometer drum is attached 
at the side of the instrument so as to operate the 
setting slide through the medium of a rack and 
pinion. It is essential that both rack and pinion 
should be accurately cut in order that the vertical 
motion of the setting slide shall be accurately con- 
verted to a uniform rotary movement of the pinion 
and attached micrometer. 

An indicator of this kind was made some years 
ago hy the Cambridge Scientific Instrument Co., 
Ltd. 1 The micrometer drum was graduated in 100 
divisions, each registering ^ millibar (approx. 
0*003 in. of mercury). On testing the barometer 
fitted with this indicator, it was found that with a 
local exception at the end of the pressure range, the 
micrometer ‘recorded the vertical run of the setting 
slide correctly to within half a subdivision, i.e. to 
±0*05 mb. 

A second type of indicator has been made by 
Negretti & Zainbra, Ltd., in which a micrometer 
ring, encircling the tubular metal sheath of the 
barometer a little way below the lower end of the 
scale, operates the setting slide through a screw- 
thread of fairly big pitch. 

As in the first type of indicator, the micrometer 
is divided into 100 subdivisions, each equal to ±7 
millibar, and a complete turn of the micrometer is 
equivalent to 10 mb. 

It is by no means certain that the danger of 
observational errors is any smaller with a micrometer 
than with a vernier. Moreover, the micrometer 
indicator may introduce additional errors to those 
incurred in the present type of vernier setting slide. 
The run of the micrometer does not exactly corre- 
spond with the run of the setting slide, while the 
latter does not measure exactly the run of the mercury 
in the tube. 

A micrometer indicator in which the principle of 
the present setting slide can be avoided would be 
welcome. 

(iii.) High Precision . (a) Methods of setting 

Mercury Levels to Points or . vice versa.— The 
principle of reading mercury levels by pointers 
is susceptible of great accuracy. 

Even the usual kind of pointer found in 
Fortin type barometers can be employed for 
setting the mercury-level in the cistern with 
a consistency of ±0-0001 or 0-0002 in., which 
is easily sufficient for this kind of instrument. 

It is possible to see with the unaided eye the 
dimple caused by a pointer dipping only 
0*0002 in. below the mercury surface. 

In this connection reference may be made to a 
paper entitled, “ A Note on the Setting of a Mercury 
Surface to a Required Height,” 2 showing how a 
consistency of ± 0*00002 in. has been achieved 
under favourable conditions by observing the reflec- 
tion in the mercury of a uniform scale of closely 
spaced lines (about 0*02 in. apart) placed behind 

1 Now the Cambridge and Paul Instrument Co.. 
Ltd. 

2 Bureau of Standards Bull , 1914, x. 371. I 


the pointer and the mercury. When the mercury 
Ik set too high, the formation of a. dim ple in its surface 
can easily be detected, if thee eye is directed towards 
the end of the pointer, by a local distortion of the 
reflected image corresponding to the distortion of 
the mercury surface at the dimple. 

It should be remarked that the attainment of 
high accuracy by this method requires a good 
illumination of the mercury surface. Moreover, 
unless the end of the pointer is fine, It interrupts the 
viewing of the distortion of the imago of the lines 
when a very small dimple is present. 

Alternatively to the foregoing method of 
pointer-setting, electrical means have been 
used, though not always with satisfaction, in 
order to give a criterion of contact of the 
pointer with a mercury surface. 

( b ) Optical Methods . — In barometry of the 
highest precision, optical methods have in 
general been employed to read the upper and 
lower mercury levels. 

It is useful, in the first instance, to con- 
sider what exactly is measured when the 
telescope of a cathetometer is focussed on 
the summit of a mercury column. If the 
mercury meniscus is brightly illuminated, from 
above, its image in the telescope will scarcely 
be crisply defined in the neighbourhood of 
the summit. 

The appearance of the image depends to a 
large extent on the distribution of light and 
shade over the meniscus. 

In order to read the position of a mercury 
meniscus even, to a moderate degree of accuracy 
by direct focussing with a cathetometer tele- 
scope, it is necessary that the illumination 
should come almost entirely from the back, 
and bo carefully controlled. 

In Pig . 8 the aperture AB represents the 
only source of illumination. Of the rays of 



light which pass through the barometer tube 
to the eyepiece of tire telescope T, only those 
which are reflected at the surface of the mercury 
have any influence on the apparent outline of 
the meniscus as viewed through the telescope. 

If EMT represents the* path of the limiting 
ray of light which suffers reflection at M on 



152 


BAROMETERS AND MANOMETERS 


the mercury meniscus before passing into the 
telescope, it is clear that the portion of the 
meniscus to the front of M is unilluminated 
and therefore appears black in the telescope, 
while the intervening part of the meniscus 
between M and the true summit appears 
bright. The boundary between bright and 
dark parts of the meniscus in the image depends 
on the height of B above the level of the 
meniscus top. In any case M appears in the 
telescope as the summit of the meniscus, and 
is actually focussed on and measured hy the 
cathetometer. 

Accordingly, when there is occasion to read 
mercury levels in this way hy means of tele- 
scope and cathetometer, there is always 
present, to some extent, an error between the 
apparent and real summit of the meniscus. 
For a given illumination, i.e. a given obliquity 
of the limiting ray BM, the error increases 
with the size of the tube. If the inclination 
of J3M does not exceed one part in 100, the 
resulting error does not exceed 0-01 mm. or 
0-0004 in. except for tubes exceeding I in. in 
diameter. 

In cases where a large bore of tube ( e.g . 
exceeding I inch) is essential for other reasons, 
the method of reading mercury levels by direct 
focussing with a cathetometer telescope re- 
quires modification if an absolute accuracy 
exceeding 0*01 mm. is required. 

Fig* 9 shows the principle of the plan 1 adopted 
for use with one of the normal barometers at the 
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Bureau International des Poids et Mesures, Sevres. 
A collimator 0O' is arranged so as to p>roduce some- 
what above the centre of the mercury meniscus whose 
level is to be read a real image of a horizontal wire F. 
This image and that formed by reflection at the 
mercury meniscus are viewed with a micrometer 
microscope at and P 2 , and the actual summit of 
the meniscus is taken to be midway between 
and F a . 

This method, which allows of readings being taken 
to an accuracy of ± 0 0015 mm., requires some 
precautions. It is difficult to obtain resulting images 
which are well defined unless the external and internal 
surfaces of the glass barometer tube are polished so 
as to be, as far as possible, optically perfect in the 
neighbourhood of the mercury surface. The portion 
of the mercury surface which gives rise to the reflected 
image should be confined to the more central part of 
the meniscus, where the curvature is inappreciable. 

Other optical errors are involved, but are finally 
reduced to satisfactorily small limits by reading the 
upper and lower ends of the barometric column in 
precisely the same way. 

1 Reproduced from Travaux et Memoir es d-u Bureau 
Inti . , tome iii. 1>. 22. 


§ (6) Reduction of the Readings of a 
Mercurv Barometer to Standard Condi- 
tions. — Since the indications of a mercury 
barometer are influenced by changes of tem- 
perature of the instrument and of gravity 
acting on the mercury, it is essential that 
corrections should be made for these changes 
in order to obtain absolute values of the 


pressure. 

The basis and method of application of 
these corrections will now be considered. 

In determining the temperature allowance, 
the formulae for inch and metric barometers 
are slightly different on account of the different 
temperatures of standardisation of the inch 
and metric scales. 

There is also a fundamental difference in the 
matter of temperature correction between the 
Fortin and Kew types of barometer. This 
difference is relatively small, but has been, to 
a large extent, overlooked in the past. The 
investigation of the temperature correction to 
a Kew barometer will therefore be considered 
in greater detail. 

Moreover, in the case of meteorological 
barometers graduated in millibars, the pro- 
cedure of correcting their indications for 
temperature and gravity has been somewhat 
modified and simplified. 

It will be more convenient to commence 
with inch and metric barometers, considering 
first the temperature correction, then the 
gravity correction. When these units are 
used, the barometric indications are corrected 
to refer to mercury at 0° 0. (32° F.) and at 
standard gravity. 

(i. ) Correction of ifie Mercury Barometer for 
Temperature. (a) The Forti?i and Siphon 
Types of Barometer. — For the purpose of 
making the temperature correction the above 
types have been selected as representative 
of those whose scales are graduated in true 
linear measure, uncontracted. 

The temperature coefficient of the Kew barometer, 
or of any barometer with contracted scale, differs 
somewhat from that of the Fortin type. 

As a first approximation the Fortin coefficient may 
be used for a Kew instrument, but where good 
precision is required the Kew barometer should be 
considered as having a distinctive coefficient after 
the manner shown in § (6), (i.), (b). 

The temperature correction to the Fortin 
and Siphon barometers involves two quantities, 
viz. the thermal expansibilities of mercury 
and of the barometer scale. 

In the case of the metric barometer, the 
scale is considered standard at 0° O., which 
is the temperature to which the mercury has 
to be corrected. 


It can be shown from first principles that the 
correction formula to be employed is 


ht - = 


-T+tfT' 
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where lit is the indicated barometric height at 
temperature t° C. y 

h 0 is the corresponding barometric height 
expressed in true millimetres of mercury 

at 0° a, 

a is the mean coefficient of linear expansion 
of the scale between 0° and t° C. f 
f3 the mean coefficient of dilatation of mercury 
between 0° and t° Q. 

The correction to be applied to the indica- 
tions of the metric Fortin barometer at <5° CL 
in order to give true millimetres of mercury 
at 0° 0. is therefore 


_ t((3 — a)ht 
1 + tp 9 

Le. it is subtractive for all temperatures above 
0° C. Under average laboratory conditions 
of pressure and temperature, e.g. at 760 mm. 
and 16° CL, its value is about -2 mm. The 
expansion of the scale is of secondary magni- 
tude compared with that of the mercury. 

The correction formula for the inch Fortin 
barometer differs from the metric one only 
by reason of the extra complication involved 
by the inch scale being standard at 62° F., 
which is not considered standard temperature 
for the mercury. 

With the same notation as before, except 
that temperatures t are measured in Fahren- 
heit degrees, while the expansibilities a and 
P are also referred to this scale of temperature, 
and the barometric indications expressed in 
inches. 


_32) + 30a] , 


I + (2-32)/3 


The correction to be applied to the indications 
of the inch Fortin barometer at t° F. in order 


to obtain true inches of mercury at 32° F. is 


_ [p-*)(*-32) + 80ft] 

l-h(i-32)|8 rt ' 

Under average laboratory conditions of 
pressure and temperature, the magnitude- of 
this temperature correction is of the order 
009 in. 


The exact value will of course vary with the 
material of the scale. In the vast majority of baro- 
meters brass is used, and accordingly tables have been 
published giving the values of the temperature 
corrections to inch and metric barometers, based on 
accepted values for the thermal expansibilities of 
mercury and brass. Reference may be made to 
tho International Meteorological Tables , or to the 
Smithsonian Meteorological Tables (1928 edition), for 
the numerical values of the correction, together 
with the data from which they are derived. For 
high precision, viz. 0*001 in. or better, the expansi- 
bility of the scale of tho barometer should be 
separately determined. This would naturally bo 
done for primary or fundamental mercury standard 
barometers. In such cases an invar scale would 
probably be used in preference to a brass one. 
Occasionally a glass scale is used, or else the scale 
is engraved on the glass barometer tube. This 


latter course is not, however, to be recommended for 
general practice, 

( b ) The Temperature Correction to a Keiv 
Barometer , — In considering to what extent the 
Kcw barometer differs from 
the Fortin barometer with 
regard to temperature changes, 
let A and 13 mark the levels 
of the mercury in the tube 
and cistern of a Kew baro- 
meter (Fig. 10). 

Suppose for the moment 
that the mercury is divided 
into two portions, viz. that 
above B and that below B. 

If each of these portions is 
cooled down separately from 
room temperature to 0° CL, 
the upper level will descend Eia. 10. 
in the tube as far as A l9 say, 
while the lower portion will descend to B x , 
leaving a gap in the tube between B and B t . 

In a Fortin barometer the mercury in the 
cistern would be raised again until it once 
more occupied its original position B, and 
the total fall in the tube would be AA V 

In a Kew barometer the mercury in the 
tube has to descend a further amount A x Aj> 
(=BB a ) in order to meet that in tho cistern. 
The total fall in the Kew barometer tube is 
accordingly AA 2 . 

Further, in the Fortin instrument the 
amount AA X is measured on a true 1 scale, 
but in the Kew barometer the length AA 2 
(already greater than AA X ) is measured on a 
contracted scale, and thereby reads greater 
still. 

It follows that the change in barometer 
reading corresponding to a given temperature 
change is appreciably greater for a Kew than 
for a Fortin barometer. 

For want of a better name, the excess of 
the temperature correction to the Kew baro- 
meter over the corresponding correction to S 
the Fortin instrument will be called the “ Kew 
temperature error.” An approximate calcula- 
tion, based on known dimensions of a Kew 
barometer, shows that the 4C Kew temperature 
error ” may be as large as 0*008 in. (0*2 mm.) 
for a 30° F. (17° C.) change of temperature, 
if the barometer tube is of uniform bore 
throughout its length. 

This is only occasionally the case with a Kew 
barometer, as the tube is usually narrowed down to 
a comparatively small bore (about 2 mm.) over tho 
greater portion of its length, whether tho instrument 
is intended for marine or station use. 

The effect of narrowing tho tube in this way is to 
diminish tho value of the Kew temperature error. 
This can best be seen from a somewhat different 

1 The scale is a true linear measure, apart from 
being a barometric measure, at the standard tempera- 
ture corresponding to the unit of length employed. 
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standpoint from that introduced by Fig. 10, without 
separating the thermal effects in the tube and cistern. 

The Kew* barometer may be considered as a closed 
reservoir, partly of iron (the cistern) and partly of 
glass (the tube), containing mercury* 

The effect of change of temperature on the instru- 
ment taken volumetric ally is primarily a relative 
thermal expansion of a given volume of mercury in a 
composite reservoir of iron and glass. 

If y = total volume of mercury in the Kew baro- 
meter under standard conditions, 

A=the effective 1 internal area of cross-section 
of the cistern, 

S=the internal area of cross-section of the 
glass barometer tube at the top of the 
mercury column, 

it follows that the thermal change of zero of the 
barometer — i.e. the thermal change of level of the 
mercury in the cistern at a given pressure — is 

VOS- 7)* 

(S+A) ’ 

where dt represents the change in temperature, 

/3 is the thermal expansibility of the mercury, 
y is a composite coefficient of expansion inter- 
mediate between those of iron and glass. 

This change of zero is measured on the barometer 
scale, which is contracted in the ratio A/( S-fA) 
(§ (7), (iv.))* Hence the Kew temperature error 
may bo expressed as 

S+A. V(jS-7 )dt 
A X (S +A) ’ 

V 

that is, ~(/3 — 

It should be noticed that, for a given change of 
temperature, the value of the Kew temperature error 
is independent of the pressure. Consequently the 
complete correction for temperature to the- Kew 
barometer is of the form 

(J7* + K)<ft, 

where h is the indicated barometric height, 

F is the temperature coefficient of the Fortin 
barometer, 

K is a constant peculiar to the Kew type 
barometer, depending only on its 
dimensions and the expansibilities of 
its parts. 

A detailed investigation of the complete formula 
for the temperature correction of Kew barometers 
has been made at the National Physical Laboratory, 
and numerical values have been worked out there for 
a number of instruments of different dimensions, 
including largo and small cisterns, constricted and 
unconstricted tubes. 


where rj has the value 0-000010 per 1° C. This 
value is intended as a composite mean between 
the coefficients of iron, glass, and brass, the 
latter material entering into the calculation to 
a very minor extent. 

The exact value of rj is relatively xm- 
important. 

( c ) Numerical Values of the Kew 'Temperature 
Error . — It should be remarked that the value of V/A 
is by no means constant for Kew barometers of 
different dimensions. Even in marine barometers, 
which may be considered as belonging to a standard 
pattern, there is appreciable variation. For the 
average barometer of short pressure I’ange- — e.g. 
graduated down to 26 in. (G50 mm.) — the value of 
V/A may be taken to be 

| in. (38 mm.), 

and the corresponding Kew temperature error over 
a range of 30° F. (17° 0.) is 

0-0038 in. (0-10 mm.). 

For barometers with longer pressure ranges the 
value of V/A is usually larger unless the cistern is 
made exceptionally wide. 

As the result of examining a large number of 
barometers of widely differing dimensions and 
pressure ranges it was found that the value of V/A 
may vary between the limits 

1*0 and 3*5 in. 

Accordingly, in all cases where the Kew temperature 
error is considered so largo that it cannot be neglected, 
it is advisable to ascertain, or estimate the value of 
V/A. Only in the more frequently used patterns of 
short- range meteorological barometers can its value be 
taken as 1*5 in. without separate estimation. This 
largo range of variation of V/A makes it almost 
impracticable to draw up comprehensive tables 
of temperature correction to Kew barometers. The 
distinction between the Fortin and Kew temperature 
coefficients is not alluded to either in the International 
or in the Smithsonian Meteorological Tables. Atten- 
tion, however, is drawn to it in the more recent 
editions of the Observer’s Handbook , published by the 
London Meteorological Office, and the appropriate 
values arc used in correcting barometers used on 
behalf of that office. 

The complete formulae for reduction of inch and 
metric Kew barometric readings to standard tempera- 
ture, 32° F. (0° C.), are : 

Kew Inch Barometer . — 


7it 


, 7if[(/3 — a)(£— 32) -I- 30a] , V /e 

i32 ~ ~T-T^(T-l2) + A (/i ‘ 


■%)(«- 62), 


measured in inches and Fahrenheit degrees. 
Kew Metric Barometer . — 


It was found that the value of the <c Kew 
temperature error 5 ’ — i.e. the excess of the 
Fortin over the Kew temperature correction — 
is represented to very high accuracy (within 
± 0*01 mm. in each case for a 20° C. range of 
temperature) by the expression 

- ?, v )dl, 

1 I.e. actual internal area of cistern J ess the external 
sectional area of glass tail-piece. 


lit — /<o — 


h t ((3 - a )t 

i +pi 


J(/?- 3? j)t. 


measured in millimetres and Centigrade degrees. 

(Compare these with the corresponding formulae 
for the Fortin barometer in § ((>), (I.), («).) 

(d) Expression of the Kew Temperature Correction 
as a Simple Coefficient of the Barometer Reading . — 
[The following values will be accepted for the 
thermal expansibilities of brass and mercury in con- 
formity with the International Meteorological Tables. 
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a = O' 0000184 per 1° CL, coefficient of linear 
expansion of brass. 

^3=0 0001818 per 1° CL, mean coefficient of dilata- 
tion. of mercury measured from 0° CL to the 
temperature t under consideration. 

It should he observed that although the above 
value of (3 has been accepted as holding for all values 
of 2, to the requisite accuracy, there is a difference 
between this coefficient, which represents expansion 
measured from 0° CL, and the corresponding co- 
efficient 0*00018X2, which represents expansion 
measured from t° CL (where 2 = 17° CL), and is simply 

j8/(l+/3l). 

This difference is made apparent by the relatively 
large expansibility of mercury.] 

The immediate purpose of setting out the tempera- 
ture correction in the form of a simple coefficient is to 
enable corrections to be made to barometer readings 
for small changes of temperature. The further use 
of this coefficient will be apparent when the 
temperature correction of millibar barometer readings 
is considered. 

In the case of a Portia type barometer the 
temperature correction is clearly 

H(/3'- a )dt, 

where H is the indicated barometric height at 
temperature 2, 

ft' is the expansibility of mercury measured 
from t 9 

a is the thermal coefficient for brass, 
a smaHehange of temperature. 

it has been explained, is equal to 0*0001812 per 
1° CL for 2 — 17°, and is tolerably constant over a 
range of variation of ± 5° from this temperature. 

Hence j8'— a ==0*0001628 per 1° CL, corresponding 
to 0*0000904 per 1° F. 

Por the Ivew barometer the temperature correction 
becomes 

H(/3' - a)dt-\fr(ft' - 3? rj)dt, 

that is, 

H[V-a) 

so that the expression within the brackets may 
be considered as a simple coefficient which varies 
slightly with the barometer reading H. 

The value V/A = 3/2in. (38 mm.) may be 

accepted as applicable to the normal types of short- 
range meteorological barometer, and an insertion of 
the thermal expansibilities 

a = 0*0000184 per 1° CL, 

0-0001812 per 1° 0., 

3t? - 00000300 per 1° C., 
leads to the value 

0*0001704 per 1° CL at 7G0 mm. 

for the expression within the brackets, which may bo 
regarded as a simple coefficient, almost constant 
over the short range, 800 — 700 mm. 

The corresponding value per 1° F. is 

0*OOOQ94 6 at 30 in. 

(ii.) Correction of the Mercury Barometer for 
Gravity . — (Standard gravity is the value of 
gravity at mean sea-level in latitude 45° ; 
see § (2).) 


If the pressure and temperature are given, 
the height of the barometric column varies 
inversely as the value of gravity at the station 
where the instrument is read ; and in order 
that the barometric height shall be a true 
relative measure of the pressure it has to be 
corrected to what it would be at a standard 
value of gravity. For work of the highest 
precision, where absolute pressures are required, 
it is essential that the local value of gravity 
should he known. In many cases, especially 
at sea, it is impracticable to determine the 
value of gravity, even with moderate accuracy. 
It has therefore been customary to assume 
the following theoretical relations as represent- 
ing the variation of gravity with latitude and 
height above sea -level. They have been 
calculated 1 from the dimensions and speed of 
rotation of the earth, treated as an oblate 
spheroid. 

2 p 0 ==g 45 (l - 0*00259 x cos 2X), 

g h =fir 0 (l — 0*000000196 x h) if h is ex- 
pressed in metres 

=(/ 0 (l — 0*000000597 x h) if h is ex* 
poressed in feet, 

where g & = standard gravity, 

g 0 — gravity at sea-level in latitude X, 

g h — gravity at height h above sea- 
level in latitude 

More recent work 3 on the investigation of gravity 
shows that the absolute value of gravity at a given 
station can be computed in the following manner : 

(1) Compute g \ the mean value of gravity at sca- 
le vel for the latitude of the station, from the equation : 

g K =980 *021(1 - 0*002040 x cos 2A 

H- 0*000007 x cos a 2\). 

(2) Correct g \ for height h above sea -level by the 
amount : 


C » - 0*000000314 X 7iX j7 0 = *- 0*000309 x h (where h 
is in metres) 

« - 0 ■ 000000090 x h x flr 0 = - 0 * 000094 x h ( where h 
is in feet). 


For the highest accuracy, allowances should bo 
made for topography and isostatic 4 compensation, if 
information is available for making these corrections. 

Having determined the value of gravity <jh at a 
given station, the corrected barometric height at 
standard gravity, f/ 45 , is obtained on multiplication 

5y 


1 See Travaux et M&moirca, Bureau International 
ties Pauls et Manures, tome i. 

a These values arc used in the British Meteoro- 
logical Service and are identical with those given 
in the International Meteorological Tables. They, 
however, require revision in view of progress made 
since the publication of the tables, especially in the 
development of the theory of the isostatie com- 
pensation of the earth’s crust. 

3 See Special Publication Ho. 40 (1917) of the U.S. 
Const and Cteodetic Survey. 
u Boc. cit . 
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For stations near London, the correction x to be 
applied to tlie average barometer reading, 30 in. 
(760 mm.), to reduce it to standard gravity, is 

+0-016 in. (0-4 mm.). 

For ordinary stations where mercury baro- 
meters are read, the change in gravity with 
height corresponds to a change on the baro- 
meter of about 

0*003 in. per 1000 ft. of altitude 

(=0*24 mm. (0*3 mb.) per 1000 metres of 
altitude). 

These changes are approximately of the same 
order as the changes in gravity due to topo- 
graphy and isostatic compensation. 

(iii.) Gorrection of Mercury Barometers 
graduated in Millibars for Temperature and 
Gravity Variations . — The procedure of correct- 
ing mercury barometer readings to standard 
conditions has been somewhat conveniently 
modified in the ease of instruments with 
scales graduated in millibars, though it still 
involves correcting the barometer for varia- 
tions in the temperature and gravity of the 
mercury column from standard conditions. 

The current method in the case of millibar 
barometers for the meteorological service may 
be outlined as follows. 

In practice a barometer, though intended to 
function correctly under certain standard con- 
ditions, generally shows a small residual error 
called the index error, which may be deter- 
mined by comparison with a known standard 
barometer. Millibar barometers are designed 
to read correctly, under standard 2 conditions 
of gravity, at a temperature of 285° A. 

Owing to small permissible instrumental 
errors in adjustment, etc., the standard 3 
temperature varies in different instruments 
by an amount not exceeding 3° A. in general. 
The exact standard temperature can be found 
by comparison with a standardised instrument. 

For stations at sea-level in latitude 45°, 
the atmospheric pressure may be determined 
by making a single correction to the reading 
of the barometer, i.e. by correcting it for the 
departure of its temperature from its standard 
temperature. The temperature correction is 
equal to 

p x 0*000163 per 1 ° A. for a Fortin barometer, 

p x 0*000171 per 1° A. for a Ivew barometer, 

where p is the reading of the barometer in 
millibars. 


1 Appropriate Tables of Barometric Correctioi 
for Gravity are to be found in the Internatiom 
Meteorological Tables and the Smithsonian Meteor < 
logical Tables. _ 

a British millibar barometers are graduated o 
the basis of 980-617 as the value of “ standard 
gravi t,y. 


J The standard temperature for a millibar baro- 
meter is the temperature at which the instrument 
registers true millibars when stationed under standard 
conditions of gravity. 


In general, the barometer is not under 
conditions of standard gravity, and allowance 
for this is made by finding a new temperature 
at which the instrument reads true millibars 
at its given station. This temperature is 
analogous to the standard temperature, and 
is referred to as the fiducial temperature of 
the instrument. 

The fiducial temperature may be obtained 
from the standard temperature by applying 
the correction shown in the following table : 


Table I 


Latitude. 

Correction. 

Fortin 

Barometer. 

Kow. 

Barometer, 

90° or 0° 

4 15*9°A, 

-1- 15-2° A. 

85 or 5 

± 15*7 

4- 15*0 

80 or 10 

4 14*9 

± 14*3 

75 or 15 

± 13*8 

4- 13*2 

70 or 20 

-t 12*2 

4- 11*6 

65 or 25 * 

± 10*2 

± 9*8 

60 or 30 

4~ 8 *0 

± 7*6 

55 or 35 

± 5*4 

4; 5*2 

50 or 40 

4* 2-8 

± 2*6 

45° 

0*0 

00 


(For stations in latitudes above 45°, the correction 
is additive.) 


. V ote -~T T P e ap,°vo figures for a Fortin barometer are 
independent ot the pressure. Those for the Kew type 
vary to a small extent with the pressure, They have 
been. calculated for a pressure of 1000 millibars on the 
assumption that Y/A = 1*5 in. 


In order to allow for the variation of 
gravity with height, the standard temperature 
of the instrument further requires to bo 
diminished by 

1° A. for every 520 metres 4 of height above 
mean sea-level. 

Once the fiducial temperature of the barometer 
corresponding to a given station is obtained, 
the true atmospheric pressure, in millibars, 
at station level can be determined by making 
the single correction for departure of the instru- 
ment temperature from fiducial temperature. 

It should be remarked that the standard 
temperature of 285° A. is aimed at so as to 
give for English latitudes a fiducial tempera- 
ture which is not far removed from the mean 
temperature of a station, i.e. so as to make 
the uncorrected barometer readings a good 
approximation to the true pressure. 

When the station is fixed, the fiducial 
temperature is fixed, and the method of 
obtaining true pressures at that station in 
millibars by means of a single temperature 
correction is found very convenient. 

For mercury barometers used at sea, the 
fiducial temperature requires to be determined 

* The value 520 refers to a Fortin type barometer. 
The equivalent value for a Kew barometer is 510 
metres if the value of V/A is taken to be 1-5. 
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from time to time, using the foregoing table 
in conjunction with the measured latitude of 
the ship. 

For high altitude work in millibars, the 
table referred to is only approximate, as it 
has been calculated to correspond to a pressure 
of 1000 millibars. 

(iv.) Reduction of Atmospheric Pressures to 
Datum Level .- — It should he observed that an 
accurately standardised mercury barometer 
requires correction only for the temperature 
and gravity of the mercury in order to obtain 
the absolute pressure at cistern level. These 
corrections are inherent in the use of a mercury 
barometer. 

In meteorological work, such as the mapping 
of isobars for weather forecasting, it is not the 
cistern-level pressure that is finally required, 
but the corresponding atmospheric pressure 
at mean sea-level. Consequently a correction 
has to be made for the difference in atmo- 
spheric pressure between station -level and sea- 
level. This is not an instrumental correction, 
but depends on atmospheric conditions to- 
gether with the height of the station above 
sea-level. 

For meteorological work the requisite cor- 
rection tables* together with their bash of 
calculation, are given in the Observer's Hand- 
book. 1 (Reference should also be made to 
§ ( 16) concerning the relation between heights 
and atmospheric pressures.) 

It sometimes happens in laboratory work 
that the difference of atmospheric pressure is 
required corresponding to a comparatively 
small difference in level. The approximate 
correction factor can be calculated directly 
from the relative densities of air and mercury. 

For stations near sea -level, an altitude 
difference of 100 ft. corresponds to a pressure 
difference of 0-110 in. of mercury when the 
atmospheric temperature is 50° F. 

§ (7) The Errors and Defects of Mercury 
Barometers. — (No attempt is made here to 
draw a hard and fast distinction between 
errors and defects. In the majority of cases, 
the errors considered are inherent in the 
general design of mercury barometers, and 1 
are kept as far as possible at a minimum. ~ 
There are, on the other hand, errors which 
appear as such owing to faulty workmanship 
or design : these may be called avoidable or 
remediable defects. ) 

The following paragraphs apply primarily to 
those barometers which may be considered 
standard types for general and meteorological 
use. They are also applicable, in many respects, 
to high precision mercury barometers, designed 
and constructed for special purposes, in which 
case it is the aim of the designer to take special 
precautions to minimise the respective errors. 

(L) Defective Vacuum Space . — In a good 

1 Published by the London Meteorological Office. 


barometer, the residual pressure in the vacuum 
space above the mercury column should not 
exceed the accuracy usually obtainable from 
the instrument* This degree of efficiency can 
be attained, in general, by the ordinary 
methods of filling barometer tubes by boiling. 
A defective vacuum is usually due to the 
presence of air or water vapour. In portable 
barometers, the presence of air can easily be 
detected by inspecting the closed end of the 
barometer tube when inclined so as to be 
filled with mercury. It should not be tolerated 
unless the size of the air- bubble is very small. 
A hard criterion can scarcely be laid down. 
In a small barometer tube (e.g. of Jin. bore), a 
bubble not exceeding 1-3 mm, in diameter when 
the tube is laid flat may be tolerated even 
if the highest accuracy obtainable from the 
instrument is required. For tubes of J in. 
bore, a bubble exceeding 2 mm. in diameter 
would be considered excessive. These esti- 
mates are intended only as an approximate 
guide. Other considerations also enter into 
the question. Those accustomed to handling 
barometers can make a very fair estimate of 
the air content of a tube from the sound or 
65 clang ” which occurs when the mercury is 
run slowly against the end of the tube, but 
this criterion is not applicable to tubes (such 
as those in marine barometers) which have 
been constricted so as to damp the flow of the 
mercury through them. 

The presence of water vapour above the 
mercury column in a barometer tube is difficult 
to detect by a direct test- The maximum 
possible error due to it is equal to the saturation 
vapour pressure of water, which at 62° F. is 
rather more than half an inch of mercury, 
A comparatively small volume of water is 
required to saturate the vacuum space. A 
hundredth of this amount of water will, 
therefore, produce a vapour pressure approxi- 
mately equal to 0-005 in., the presence of which 
can just be detected in the average barometer. 

The usual method of testing a, mercury 
barometer for defective vacuum duo to the 
presence of water vapour is to compare its 
readings at a number of pressures with those 
of a standard barometer column whose vacuum 
space is known to be satisfactorily free from 
air and vapour. These comparisons are usually 
made by the direct reading of each mercury 
level with a cathetometer. The presence of 
air or unsaturated vapour in a given barometer 
is revealed by an error in the reading of that 
barometer, which increases inversely as the 
distance of the mercury level from the closed 
end of the tube, f olio wing Boyle’ s Law. A good 
example of this may bo seen in Figr. 11, which 
represents the case of an exceptionally defect- 
ive long-range Ivew pattern barometer, which 
was found to show pronounced signs of water 
vapour in its tube above the mercury column. 
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This case is all the more interesting since it shows 
a definite discontinuity at G? marking the place 



Fig. 11. 

where the vacuum space is just saturated with water 
vapour. For barometric readings between 31-7 and 
32*0 in- the vacuum space is saturated with 
water vapour, provided the temperature remains 
constant. As a result, the barometric column 
corresponding to these readings is depressed by a 
constant amount due to water vapour, the calibration 
curve being a horizontal straight line CD for this small 
portion of the range. For readings taken on the in- 
strument below 31*7 in. the water vapour no longer 
saturates the vacuum space, but exerts a pressure 
which follows Boyle’s Law as the size of the vacuum 
space changes. 

The shape of the portion AB of the calibration 
curve is caused by the mercury coming into contact 
with the roof of the cistern, and will bo referred 
to in connection with the errors of incomplete com- 
pensation for capacity (see § (7) (iv.)). 

If it were possible to eliminate this defect and also 
remove the water vapour from the tube of this baro- 
meter, without otherwise upsetting the adjustment 
of the instrument, the calibration curve would most 
probably take the simple form shown by the line Z 71, 

It is wise to reject all barometers that show even 
small traces of water vapour in their tubes, or to 
return them to the instrument makers for their 
tubes to be reboiled or replaced. 

(ii) Errors due to Capillary Action of the 
Mercury . — In view of the considerable effect 
of capillary action on the accuracy obtainable 
in mercurial barometry, it is of the utmost 
importance that the nature and extent of the 
error due to surface tension should be carefully 
considered and estimated. 

The error is present in more ways than one, 
but consideration, will first be given to the 
effect of capillary action in the barometer tube 



due to the surface tension at the mercury 
meniscus. 

Fig. 12 represents the upper portion of a 
barometer tube. In the absence of the 
phenomenon of surface 
tension, the surface of 
the mercury in the tube 
would be horizontal, as 
indicated by the line L. 

Actually, the tension T, 
acting everywhere 
throughout the surface 
layer of the liquid, is 
equivalent to a resultant 
force acting along the 
surface, normal to each 
element of the ring of 
contact of the mercury 
with the glass tube. 

The resultant tension acting on the mercury 
column is, therefore, of magnitude ir x cl x T, 
acting downwards in a direction inclined to 
the horizontal at an angle a, say, as shown in 
the diagram, where tl is the internal diameter 
of the tube. 

Assuming that in the absence of surface 
tension the position of the top of the baro- 
metric column corresponding to a given press- 
ure would be represented by the level E, it 
follows that the actual position of the summit 
of the mercury column is determined by the 
fact that the vertically downward component of 
the force of surface tension on the barometric 
column is equal to the weight of the mercury 
which would have occupied the portion shaded 
in the diagram, in the absence of surface 
tension. The linear amount by which the 
barometric column is lowered owing to the 
surface tension of the mercury in the tube is 
known as the capillary depression of the 
column. It depends largely on the diameter 
of the tube, and obviously on the value of the 
angle of contact of the mercury against the 
glass wall of the tube. In tubes of diameter 
exceeding 1 inch, the capillary depression is 
practically negligible. 

Even if the value of the surface tension of 
mercury remains constant, the consistency of 
the position of the summit of the barometric 
column in a given tube at given pressure wall 
depend on the amount of variation in the angle 
of contact. 

The angle of contact in a barometer tube 
is not practically measurable, but since the 
meniscus -height, i.e. the height of the summit 
of the meniscus abo ve the circle of contact, is 
determined by a given contact angle, the 
capillary depression may be looked upon as 
being a function of the bore of tube and the 
meniscus -height. 

Table II. gives values of the capillary 
depression corresponding to various sizes of 
tube and heights of meniscus. 
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In practice the scale of a mercury barometer 
is graduated so as to allow for this capillary 
depression- This is done by comparison with 
a standardised instrument, which in its turn 
has previously been compared with a barometer 
containing such a large tube (e.g. a fundamental 
standard barometer) that the amount of the 
capillary depression is negligibly small. 

(a) The Extent of Errors in the Indications of 
Mercury Baro?neters due to Variation of Capil- 
lary Action in the Tube . — Very little experi- 
mental work has been clone in the direction 
of determining the extent of the variation 
of the value of the surface tension of mercury 
in the same or in different barometer tubes. 
Its variation with temperature has been found 
to be relatively small (Kayo and Laby’s 
Tables of Physical and Chemical Constants ), 
but as surface tension phenomena depend 
to a considerable extent on the cleanness of 
the mercury and the glass, some variation 
may be expected in the value of the surface 
tension. 

On the other hand, variations in the 
meniscus -height in a given tube have been 
observed, which are too large to be attributable 
to variations in surface tension, and can only 
be explained by considerable variations in the 
angle of contact. 

A large number of experimental observations have 
been made at the National Physical Laboratory on 
the variation of meniscus-height in barometer tubes 
of different sizes. From this work the values of the 
angle of contact corresponding to various meniscus- 
heights have been estimated by means of tables 
similar to Table II., working on the assumption of 
constancy of the value of the surface tension of 
mercury in barometer tubes as indicated in the table. 

As a result, it was found that, on an average for 
several makers’ barometer tubes, the angle of contact 
of the mercury against the glass was represented by 
the value, 35°, expressed as the inclination of the 
meniscus to the horizontal at its contact with the 
glass tube. 1 (This value is therefore complementary 
to the angle of contact as usually defined.) 

In a given barometer tube the average variation 
of the angle of contact from its mean value was 
found to be ± 8° . This does not include variation 
with age, but represents variations dependent on the 
position and cleanness of the mercury in the tube, 
and also to some extent on the rising or falling 
condition of the meniscus. 

For the sake of example the numerical values for 
the respective sizes of barometer tubes used in 
practice are given in Table III. 

(b) The Influence of the Shape of the Mercury 
Surface in the Cistern of a Ilew Pattern Baro- 
meter on the Accuracy of the Readings . — While 
the surface tension of the mercury in the 
average barometer tube has an important 
bearing on the resulting accuracy of the 
instrument, there is also a limitation to the 

1 For freshly distilled mercury in air the correspond- 
ing contact value would be as high as 45° to 50°. 


Ta. BLI3 III 


Internal Diameter 
of Barometer 
Tube. 

Esti muted Absolute 
Value of the 
Capillary Depress i on 
corresponding to the 
Average Value of 
the Angle of 
Contact 

(snilf) 0 as just defined). 

Estimated Average 
Kange o f Variation 
of the Capillary 
Depression from its 
Mean Value in a 
given Tube. 

in. 

in. 

in. 

0-20 

0-046 

± 0-008 

*25 

•032 

± *006 

•30 

*023 

± *004 

*40 

•on 

± -002 

•50 

•006 

± 001 

•60 

•003 

± *001 

•75 

*0015 

i-f 

6 

o 

o 


Note . — In barometer tubes the angle of contact 
is less susceptible to variation than in tubes open 
to the air. Tapping a barometer facilitates, but by 
no means ensures, a consistency in the angle of 
contact. The absolute values of the capillary depres- 
sion given in column (2) of the table are admittedly 
approximate, but may be taken as giving a very fair 
average for barometer tubes. They have also been 
verified for some barometers of very small bore in 
which the capillary depression has been measured 
directly to a fair degree of accuracy. 


accuracy owing to surface conditions of the 
mercury in the cistern. As the majority 
of the Kew pattern barometers made in 
England have comparatively small cisterns, 
this source of error is considered hero in some 
detail, not only in investigating the possible 
inconsistencies of barometer readings at a 
given time, but in estimating the degree of 
permanence of the indications of the 
instrument. 

The error considered here arises from the 
variation which occurs in the mercury level in 
the cistern, even when pressure and temperature 
are constant. It is due to the varying condi- 
tions of angle of contact 
between the mercury and 
the cistern, but is not 
exactly analogous to the 
variation of capillary de- 
pression of the mercury in 
the barometer tube. Nearly 
all barometer cisterns are of 
sufficiently large diameter 
to make the capillary de- op- 
pression of the mercury in # 
the cistern negligible. A 
reference to Fig . 13 will 
help to make the nature fig. 13. 

of the error more easily 

understood. For the sake of clearness the 
outlines of the tube and cistern are drawn 


•---•"- s ' 


A 7 _D 


as simply as possible, and not to scale. 

The position of the mercury surface in the 
cistern is shown by the curves ABC C'B'A', 
representing an average case of a barometer 
whose cistern is clean. The corresponding 
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position of the mercury in the tube is shown 
at S. The pressure and temperature are 
assumed constant for the time. Suppose, 
now, as a hypothetical limiting case, that the 
cistern or the mercury in it, or both, become 
so dirty that the curvature of the meniscus 
disappears, the surface becoming plane. (This 
may be an extreme case, but it is not far from 
what may happen in practice in a cistern to 
which a moist atmosphere has access.) The 
level of the mercury surface in the cistern would 
then fall to DD', which is defined by the 
conditions that the volume of the mercury 
is constant, and the actual height of the 
barometric column has remained constant. 

^ The flatter the mercury meniscus in the 
cistern, the greater the tendency of the 
barometer to read low, as at S'. 

The magnitude of the change in the mercury 
level in the cistern corresponding to a given 
change in the angle of contact has been 
calculated from a knowledge of the values of 
the surface tension and the density of mercury, 
together with the dimensions of the instrument. 

The results are set out in the following table. They 
are very nearly independent of the size of barometer 
tube, which is always small compared with the 
diameter of the cistern. 


When the pressure increases, mercury flows 
from the cistern into the tube, and in order 
to provide for this flow the mercury meniscus 
in the cistern becomes flatter until equilibrium 
is reached between the barometric column 
and the atmospheric pressure. Owing to 
friction there is a tendency for the ring of 
contact of the mercury with the cistern to 
maintain its position until the meniscus cannot 
accommodate itself any more to the increase 
of pressure. 

Both mercury menisci in a Kew barometer 
take part in this accommodation. The 
meniscus in the tube would, in general, tend 
to bulge out more in response to the increase 
in pressure. As long as the meniscus remained 
stable the ring of contact with the tube would 
maintain its position, and not move until 
the friction between the mercury and the glass 
was overcome. 

Tapping the barometer facilitates the forma- 
tion of the most stable meniscus in tube and 
cistern. Without tapping it is evident that 
the barometer loses a certain degree of accuracy 
depending in magnitude upon its dimensions, 
since small changes in pressure would, in 
general, give rise to small changes of shape 
of the two menisci without yielding the full 


Ta.ble IY 


Cistern Errors in Kew Barometers 


Inclination of 
Mercury Surface 
to the Horizontal 
at its Run# of 
Contact with the 
Cistern. 

Corresponding 
Meniscus -height 
in Cistern. 

Zero Error of Kew Pattern Barometer relative to assumed 
Average Conditions. 

Tor Cistern of Internal Diameter. 

I-G in. 

1*3 in. 

1-5 in. 

2-0 in. 

4*0 in. 

6 0 in. 


mm. 

in. 

in. 

in. 

in. 

111. 

In. 

in. 

90° * 

2*6 

010 

4-0*O08 8 

-*}- O-OOO^ 

+-0-005 2 

-|~O*003 0 

4-0 *001 s 

4- 0*00 1 3 

67 

2*0 

0*08 

4-0*007! 

-f-0'005 x 

-j- 0 *0O4g 

-1-0003* 

-1-0 *001 5 

4~0*O01 0 

49 

1-5 

0*06 

+ 0-002 7 

+O-OO2 0 

d-0*0Ol o 

4 0*001 2 

-to *000 5 

-h-o-oqo* 

40 

1*25 

0-05 

o*ooo 0 

O’OOO 0 

o*ooo 0 

o*ooo 0 

0-000 o 

o*ooo 0 

32 

1-0 

0*04 

— 0-OO2 7 

— O*OO2 0 

~o-ooi 7 

-o*ooi 2 

-0*000 <5 

-0-000* 

16 

0*5 

0*02 

-0*008 7 

— OOO63 

- 0-005* 

— 0*0039 

-o*ooi 0 

- 0*001 2 

0 

0*0 

0*00 

— 0*O15 s 

— 0*0I1 3 

— 0-009 a 

-O*00C>9 

— 0 *00& 4 

-0-OO2 2 


(The -I- sign indicates that the barometer would read too high.) * If stable. 

Notes.— 1. The fourth row of the above table has been assumed to represent average conditions of contact 
of mercury in an iron barometer cistern to which the moist atmosphere has access. 

2. Values of the angle of contact have been tabulated from 0 to 90°. There is evidence that, both these 
limits are occasionally approached under conditions which obtain in practice. 


The foregoing table requires to be sup- 
plemented by information as to the amount 
of variation of the angle of contact of the 
mercury in. the cistern before a satisfactory 
estimate can be made of the extent of the 
error due to this inconstancy of barometer 
zero. The cistern is opaque, and direct 
observation of the angle of contact is im- 
practicable. There is, it should be noted, a 
great inducement for the angle of contact 
to change its value considerably by way of 
accommodation. 

VOL. Ill 


corresponding change in the reading of the 
barometer. 

These changes are most marked in marine 
barometers, not only on account of the com- 
paratively small dimensions which are desir- 
able for ships’ barometers, but also because 
the tube is constricted so as to damp the flow 
of the mercury through it* 

Space does not permit of a detailed discussion of 
the magnitude of these changes which arc duo to 
accommodation of the shape of the mercury menisci 
in the tube and cistern. Experimental tests which 

M 
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have been made on Kew pattern barometers indicate 
tbat> unless the instrument is tapped considerable 
variations of the meniscus -shape occur in the cistern. 
These are such as to correspond to a change of Hh 30° 
in the angle of contact measured from its average 
value. The effects of these changes can be gauged 
from Table IV. They have also been measured 
during the course of tests made on Kew pattern 
barometers at the National Physical Laboratory 
prior to making a general rule of tapping the instru- 
ments before reading them. 

It should be remarked that during an increase of 
pressure the tendency of a Kew barometer to read 
low is twofold, i.e. the flattening of the cistern 
meniscus consequent upon mercury flowing into the 
barometer tube operates in the same direction as the 
bulging of the meniscus in the tube, due to increase 
of pressure. Unless the barometer is tapped there 
will undoubtedly be an appreciable difference between 
its rising and failing indications. 

Tapping very nearly eliminates this difference in 
the case of Kew barometers with unconstricted tubes. 
In a marine barometer the effect of tapping is 
impeded by the fact that the tube is constricted. 
Consequently the mercury column requires time to 
take up its new position of equilibrium, and during 
that time further accommodation of the shape of the 
menisci takes place. To obtain the full benefit of 
tapping for a marine barometer it would be necessary 
to tap more or less continuously for several minutes 
until the meniscus conditions approached most 
nearly their average values. 

It is found in practice, in the case of laboratory 
tests on marine barometers, that the difference 
between the falling and rising indications varies 
from 0*005 in. to 0*010 in. for ordinary changes of 
atmospheric pressure. The exact figure depends 
somewhat on the rate of change of pressure and on 
the state of cleanness of the instrument. 

Very few marine barometers have been made with 
a tube exceeding -J- in. in internal diameter. As is 
to be expected, an increase in the dimensions of the 
instrument is accompanied by a decrease in the 
difference between its rising and falling indications. 

Occasionally station barometers are found in 
which the tube is narrowed down sufficiently to make 
the flow of mercury through it somewhat sluggish. 
This is not to be recommended. 

(&) Possible Errors in a Fortin Barometer 
dependent upon the Shape of the Mercury 
Meniscus in the Cistern . — In Fortin barometers 
errors due to variation in the meniscus-shape 
in the cistern are relatively small, except in 
the case of instruments of small dimensions. 

Provided that the fiducial pointer is situated 
midway between the glass tail-piece and the 
cistern wall, the summit of the mercury 
meniscus in the cistern is used in making the 
zero setting to the barometei*, and the only 
error arising from the shape of the cistern 
meniscus is that due to capillary depression. 
In a mountain barometer, where the internal 
diameter of the cistern is usually about 1*1 
in., the average capillary depression in the 
cistern is approximately 0-008 in., and 
variations to the extent of 0*004 in. may 


therefore be expected, depending on the 
shape of the meniscus. It is advisable, before 
making a setting on a mountain barometer, 
to raise the mercury in the cistern to the 
pointer with the object of avoiding a flat 
mercury surface. 

(iii.) Errors of Temperature . — (The basis of 
the method of correcting the readings of a 
mercury barometer for changes in temperature 
is shown in § (6) (i.). 

Note . — A 1° F. change in temperature corre- 
sponds to 0*003 in. on the barometer at 
normal pressure. 

A 1° C. change in temperature corresponds 
to 0*13 mm. on the barometer at normal 
pressure.) 

These errors may be divided into two 
classes, according as they are involved in the 
measurement of the temperature of the baro- 
meter, or in the correction of the barometric 
reading from the observed temperature to a 
standard temperature. 

As far as the temperature of the barometer 
is concerned two things count — tlie mercury 
and the scale. Since the coefficient of ex- 
pansion of the material (usually brass) on 
which the scale is ruled is of a lower order of 
magnitude than that of mercury, the chief 
aim in the measurement of the temperature 
of a barometer is to obtain the temperature 
of the mercury column as accurately as possible 
by simple methods. 

A mercury thermometer is universally used 
as temperature indicator, except in barometers 
of the highest precision. Since it cannot be 
immersed in the mercury of the barometric 
column the next best thing is usually done, 
and it is mounted with its bulb very near the 
barometer tube. 

Assuming that its bulb is well screened 
from heat radiation, either from the operator 
of the barometer or from other sources, the 
temperature indicated by the thermometer 
may differ from that of the barometric column 
owing to the following two reasons : 

(а) Horizontal and vertical gradients of 
temperature in the immediate vicinity of the 
barometer. 

(б) Thermal lag of the barometric column 
relative to the mercury thermometer, 

(a) Mercury barometers should be set up in 
a favourable position, away from draughts, 
doors, or windows, or any source likely to 
create a temperature gradient. In some 
rooms which appear favourable the air may 
become stagnant and stratified, resulting in 
an appreciable vertical gradient of tempera- 
ture. 

Cases of apparently favourable location of 
barometers have been known in which tem- 
perature differences of nearly 1° F. have been 
found between the top and bottom of the 
mercury column. It is therefore clearly 
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advisable to arrange for the bulb of the 
thermometer to be as nearly as possible raid- 
way up the barometric column. 

As regards thermal errors due to the presence of a 
horizontal gradient, a note of warning should be 
sounded against the practice in some cases, often 
in the more accurate barometers set up in observ- 
atories, of setting up the thermometer with its bulb 
immersed in mercury in a separate tube, a few inches 
away from the barometer itself. The object of this, 
doubtless, is an attempt to obtain a similarity of 
thermal lag in the barometer and thermometer 
tubes, but often the error avoided in this way is 
more than counterbalanced by the error due to the 
presence of a horizontal gradient of temperature 
between thermometer and barometer. Thermometers 
should not be set up in this manner unless it has 
been verified that the effect of such a gradient of 
temperature is negligible. Cases have been known 
in which actual differences of temperature exceeding 
1° F. have been found. The prevalent practice of 
letting the thermometer bulb into a small opening 
cut into the metal sheath surrounding the barometer 
tube lias much to recommend it. Under good 
average conditions the temperature of the barometric 
column can be considered as determined within an 
accuracy corresponding to ± 0*001 in. on the 
barometer. 

(b) The magnitude of the error due to the lag of 
the barometric column in following the temperature 
indicated by its attached thermometer has been 
investigated experimentally at the National Physical 
Laboratory by taking a series of readings, at atmo- 
spheric pressure, on barometers of different dimensions 
immediately after they had been transferred to, and 
set up in, a hot room at a temperature of about 95° F. 
(35° 0.). At a given pressure, the reading of a 
correct mercury barometer is approximately fa in. 
higher at 95° F. than at the more usual atmospheric 
temperature 62° F. If therefore a barometer is 
suddenly transferred from the lower to the higher 
temperature, a series of readings taken on ifc at 
suitable intervals of time, commencing from the 
time of transference, is all that is needed to obtain 
an empirical formula for the amount of thermal lag 
of the barometric column. Actually the barometer 
may bo used as its own thermometer in tracing the 
law of variation with time of the temperature of the 
mercury column. In brief, the experimental observa- 
tions showed that even if the average Fortin or Kew 
pattern barometer were subject to a steady rise of 
external temperature of 2° F. (1° O.) per hour, the 
error due to lag of the barometric column in taking 
up the temperature indicated by the external attached 
thermometer would not exceed 0*001 in. (0*02 mm.). 

It is, of course, understood that in cases 
where barometers are moved to new quarters 
sufficient time should be allowed them to 
take up fully the surrounding temperature. 
Half an hour is usually sufficient for this 
purpose. Incidentally it should b© remarked 
that in measuring pressures by means of 
a mercury barometer and thermometer the 
latter should be read first, as it is the more 
easily influenced by the radiation of heat 
from the observer’s body. 


Errors hi the Correction of Barometers to a Standard 
Tempe.ratu.re. — Information for correcting the readings 
of mercury barometers for changes in their tempera- 
ture is given in the Meteorological Publications. 1 
In some respects the data lack completeness, as 
no reference is made, either in the International or 
in the Smithsonian Tables, to the distinction between 
the Fortin and Kew pattern barometers as regards 
temperature correction. Further, the data for 
correcting barometers graduated in the more recent 
millibar unit do not appear in the two above- 
mentioned tables ; they are, however, given in the 
more recent publications of the Observer's Handbook . 

(iv. ) Incomplete Compensation of the Kew 
Barometer for Capacity . — Since no zero setting 
is made In the cistern of a Kew pattern baro- 
meter, the instrument has to be compensated 
for the capacity of the tube and cistern (see 

§ (3), (iv.))* 

This is done by correctly correlating the 
following dimensions : 

(1) Amount of uniform contraction C of 

the spacing of the scale. 

(2) The internal diameter d of the baro- 

meter tube. 

(3) The internal diameter D of the cistern, 

and to a small extent the external diameter 
t of the tail-piece of the tube dipping into the 
cistern. 

With the above notation, it can readily be 
shown from first principles that 

l) 3 - t 2 

giving the spacing of the scale required to 
suit the given dimensions D, d , and l. In 
new Kew barometers the problem of graduat- 
ing the scale is subsequent to the choice of 
I>, d , and t. In instruments undergoing repair, 
it is the glass tube that usually requires re- 
placement. This has to be chosen so that the 
above relation is satisfied. 

In a new instrument, the question of com- 
pensation for capacity is simpler as the 
dividing engine used in graduating the scale 
can be set to give with good precision the 
requisite contraction value. In repairing a 
barometer, the problem turns largely on 
the choice of tubing of the requisite bore. 
Clearly there will be some residual error in 
the process of compensation of a Kew baro- 
meter for “ capacity.” The error is called 
the capacity error, and may be defined as 
the rate at which error is developed along the 
barometer scale due to imperfect compensa- 
tion for capacity. In the case of barometers 
tested at the National Physical Labora- 
tory, it is not allowed to exceed ±0-004 in. 
per inch of scale, while in long-range instru- 
ments a more stringent limit is demanded. 

1 Vide The International Meteorological Tables , 
The Smithsonian Meteorological Tables. The Observer's 
Handbook. 
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In. general, this limit is satisfied by both new 
and repaired instruments, the new barometers 
being usually compensated to within half this 
margin of error. The average capacity error 
in the case of a repaired barometer corresponds 
to a precision of about 7 mils 1 in the selection 
of the internal diameter of the barometer tube. 

The average amount of contraction of a Kew 
barometer scale is 0-96 of full size, which corresponds 
approximately to a cistern diameter five times that 
of the glass tube. 

In eases where proportionately larger cisterns are 
employed the contraction value may range up to 
0-98, i.e. the scale is more openly spaced. 

There is a standard size cistern corresponding 
to a given approximate bore of tube. It is excep- 
tional to depart from this standard size for the sake 
of obtaining compensation for capacity. 

Incidental to the error of capacity compensation 
is the possibility that the error is not uniform over 
the working pressure range of the barometer. This 
may be due to one of the following two causes : 

(a) Lack of uniformity of bore of tube. 

(b) Mercury level in cistern beyond the uniform 
cylindrical portion of the cistern. 

As regards (a), barometer tubes are carefully 
selected for uniformity as well as size of bore. It is 
the exception to meet with a barometer with a tube of 
such marked conicality as to prejudice the uniformity 
of compensation for capacity. 

As to (6), the error may appear in two ways. The 
mercury either roaches the ceiling of the cistern 
before the lower working limit of pressure is reached, 
or else reaches a shoulder or flange 2 at tho middle 
of the cistern before the upper working limit of 
pressure is reached. 

Both defects are occasionally found in the older 
instruments. Tho former has also boon found in 
new barometers. Its effect on the readings of the 
instrument can bo seen from Fig. 1 1, which shows tho 
calibration curve for a typical case in which two 
distinct defects arc present, viz. : 

(1) Unsatisfactory compensation for capacity over 

the rango 8 — 11 in., owing to tho cistern 
becoming full of mercury. 

(2) Presence of water vapour in tho vacuum space 

above the barometric column (§ (7) (i.)). 

With careful designing and dimensioning of the 
cistern, the lack of compensation for capacity at the 
ends of the working range of pressure can bo avoidod. 

(v.) Verticality of Barometers. — Tho errors 
due to lack of verticality of barometers are 
usually small, but not by any means negligible. 
Their nature depends on the type of instru- 
ment. 

In the Fortin-type barometer, when high 
accuracy is desired, it is essential to mount 
tho instrument so that its axis of rotation 
is correctly vertical. The necessity for this 
arises from the fact that the fiducial pointer 
docs not lie in the axis of tho instrument. 
Consequently, unless the axis of rotation is 

1 I mil in. 

2 This ilansc is not always present in the cisterns 
of Kew barometers. 


vertical, the reading of the instrument will 
differ according to the direction in which the 
barometer faces when the mercury in the 
cistern is brought to the pointer. 

All Fortin barometers tested at the National 
Physical Laboratory are set up so as to rotate 
about a vertical axis. This condition is 
secured if the pointer, when once just in. 
contact with the mercury in the cistern, 
remains so however the instrument is rotated. 

The average Fortin barometer, when sus- 
pended by its ring from a peg and allowed to 
take its own “ plumb ” position, does not 
settle down to a sufficiently definite position. 
Verticality of axis of rotation of the instru- 
ment can generally be secured with a little 
adjustment wherever the barometer is located. 
Lack of attention to this condition may, as 
already stated, result in errors of 0-001 to 
0-002 in., depending on the distance of tho 
pointer from the axis of the instrument. 

Tho source of this error may, however, be 
eliminated by re-designing tho Fortin baro- 
meter so that the fiducial pointer lies in tho 
axis of the instrument. 3 

Kew barometers are usually set up so as 
to hang plumb, either from gimbals or from 
a ring, and generally, so long as the instru- 
ment is not swinging, the errors due to lack 
of verticality are negligibly small. At sea 
swinging is bound to occur. 

Syphon barometers need careful adjustment 
for verticality, especially if the distance 
between tho two limbs is relatively large. 
Accurate instruments are generally fitted with 
spirit-levels. In the same way siphon mano- 
meters are liable to errors due to tilting. 
These may be avoided by designing tho mano- 
meter so that its limbs are arranged con- 
centrically, one within tho other. 

Barometers of high precision naturally 
require care in levelling. Errors of verticality 
are usually dependent on tho cathotometer 
arrangements for referring the mercury levels 
to tho measuring scales. 

§ (8) The Accuracy and Permanence 
op the Mercury Barometer as a Pressure 
Indicator, (i.) Conditions special to the 
Fortin and Kew Types . — In view of the fore- 
going remarks as to the effect of tho shape 
of tho mercury surface in the cistern on tho 
resulting accuracy of the Kew barometer, 
it is clear that in the smaller instruments 
the Fortin type is rather to bo preferred for 
accuracy and permanence. If a Kew baro- 
meter is required to possess the same accuracy 
as a Fortin barometer with a tube of similar 
size, it is essential to enlarge its cistern so 
that the effect of changes of meniscus-shape 
is inappreciable. This has been done in the 
case of a Kew pattern gauge barometer used 
as a standard instrument at tho National 
3 Roy . Metcorolog. Sac , J 1913, xxxix. 55. 



BAROMETERS AND MANOMETERS 


165 


Physical Laboratory. Tbe cistern of this 
barometer is approximately 6 in. in dia- 
meter, and the tube | in. Although this 
instrument has been regularly used in con- 
nection with aneroid testing, occasions have 
been found to compare its readings with those 
of the Laboratory working standard Fortin 
barometer at current atmospheric pressures, 
generally near 30 in. The latter instru- 
ment has a tube of f-in. bore. 

Luring the course of the year following the 
installation of the Few gauge barometer, 75 compari- 
sons were made, three observers participating at 
various times. Prom these 75 comparisons a mean 
value was found for the error of the Kew barometer. 
On analysing the readings it was found that 63 per 
cent (i.e. 47 out of 75) individually gave values 
within 0*0010 in. of the mean, 24 per cent (ie. 18 
out of 75) individually gave values within 0*0015 
in. of the mean, and 8 per cent (i.e. 0 out of 75) 
individually gave values within 0*0020 in. of the 
mean, while the departures of the four remaining 
individual values from the mean were 

0*0022 in., 0*0027 in., 0*0023 in., 0*0021 in. 

These figures indicate the accuracy which it is 
possible to obtain from a Kew pattern barometer 
of sufficiently large dimensions. It should be noted 
that the vernier of the instrument registered to 0*002 
in. directly ; but readings were taken on it to 
closer accuracy with the help of a reading-lens. 

As an indication of the degree of permanence of 
the indications of this instrument, the following 
figures speak for themselves ; 


Table V 

Permanence of a laeoe Kew Barometer 


Year. 

Mean Error of 
Barometer relative 
to the Laboratory 
Standard, 


Year, 

Mean Error of 
Barometer relati ve 
to the Laboratory 
Standard. 

19]5 

inches. 

-H 0-0032 


1917 

inches. 

-H 0-0025 

19 1C 

-1-0 -0029 


3918 

-f 0-0027 


The information available concerning the 
permanence of Kew barometers of smaller 
dimensions is not so definite owing to the 
paucity of observational data. It is certain, 
however, that in course of time the mercury 
surface in the cistern becomes covered with 
sediment and loses its former shape to an 
appreciable extent. 

It is not easy to evaluate the accuracy 
attainable by the more frequently used 
mercury barometers without making reserva- 
tions. In giving the estimates shown in the 
following table, it is understood that the 
instruments are used in favourable conditions, 
the indicated accuracy being limited only by 
instrumental errors, and not by external 
atmospheric or other conditions : 


Table YI 

General Accuracy* of Fortin and Kew 
Barometers. 


Internal Diameter 
of Barometer Tube. 

Ueneral Accuracy of a Single Reading. 

inches. 

0-25 

0-4 

0-5-0-G 

inches. 

0-005 

0-002 

0-0015 

millimetres. 

0*12 

0*05 

0*03 

millibars. 

0* 16 
0*06 
0*04 


Notes . — 1- The above values are applicable almost 
equally to Fortin and Kew-type barometers. They 
also indicate the order of magnitude of any permanent 
shift that may occur in the indications of the instru- 
ments (with the exception of any change which takes 
place when the vacuum space becomes defective). 

2. Since the causes which contribute to permanent 
shift are almost entirely linked up with capillary 
action, the Fortin barometer may be looked upon as 
being less susceptible to permanent shift than the 
corresponding Kew barometer, owing to the greater 
chance of cistern errors in the latter type of 
instrument. 

The case of special-precision mercury baro- 
meters is considered separately in § (9). With 
the greatest precautions a final accuracy of 
±0*005 mm. may be obtained in the measure- 
ment of pressure. 

(ii.) Limitations to the Accuracy of the 
Barometer in the Measurement of Atmospheric 
Pressures . (a) The Effect of a Wind . — The 

barometer is an instrument which, whoa there 
is no wind, measures static atmospheric 
pressure, i,e. the weight of the atmosphere. 
In the presence of a wind there is superposed 
on the static atmospheric pressure a pressure 
due to the velocity of the wind, and equal to 
where /> is the density of the air, and v 
is the velocity of the wind. 

The following are the values of this ex- 
pression corresponding to various wind 
velocities : 

Table VII 

Pressure due to Wind 


Wind Velocity (V). 

Corresponding Pressure (ipv®). 

Miles 
per hour. 

Metres 
lior sec. 

Indies of 
Mercury. 

Millibars. 

5 

2*24 

0*001 

0*03 

10 

4*47 

0*004 

0*12 

20 

8*94 

0*014 

0*5 

30 

13*41 

0*032 

ii 

40 

17*88 

0-06 

2-0 

50 

22*35 

0*09 

3-0 

80 

35*76 

0*23 

7-8 

100 

44*70 

0-36 

12-2 


A barometer, whether mercurial or aneroid 
in type, will, if exposed to the fall pressure 
of the wind, register a value which is in excess 
of the static pressure by the amount shown 
in the above table. 

In a room whose exterior is exposed to 
the wind, the air pressure may be greater or 
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less than the static pressure of the external 
atmosphere. In other words, the wind may 
produce a pressure or a suctional effect on 
the air in the room, depending on the nature 
and position of the doors, windows, cracks, 
or crevices through which the atmosphere 
may have access to, or egress from, the room. 
The amount of pressure or suction produced 
in the room by the external wind may vary 
up to a maximum value indicated in the 
above table. Consequently, the extent of the 
possible error on a barometer, in its normal 
use as indicator of static atmospheric pressure, 
can be estimated. 

If two barometers in different buildings are 
undergoing comparison, allowance should be 
made for the effect of the wind, which is likely 
to be troublesome at stations of high altitude* 

At sea the wind effect is always present 
on account of the ship’s velocity as well as 
that of the wind* A full discussion of the 
resulting errors will not be attempted here. 
The extent of the errors can be gathered from 
experimental and observational evidence 
already published- 1 

It is possible to design a mercury baro- 
meter having an air-tight cistern into which 
is led the static tube of an anemometer head 
mounted in full exposure to the outside atmo- 
sphere. 

( b ) Other Errors in the use of Marine Baro- 
meters. Pumping of Mercury Barometers at 
8ea . — In a marine barometer a constricted 
tube is essential in order to obtain even an 
approximate reading of the atmospheric 
pressure, the object of constriction being to 
counteract as far as possible the errors in the 
measurement of pressure caused by what is 
known technically as cc pumping” of the 
mercury column owing to the oscillations of 
the latter aboard ship. 

The following are the chief causes operating 
to produce cc pumping ” at sea : 

(i.) The existence of a periodic vertical 
acceleration acting on the mercury column 
owing to the heaving of the ship. 

(ii.) The disturbance of the mercury due to 
the swinging of the barometer. 

(iii.) The effect of the wind on the air 
pressure in the room where the barometer 
is hung. 

As far as (i. ) is concerned, the mercury 
oscillates about a mean position which should 
give the true atmospheric pressure at the 
mean height of the instrument above sea-level. 

As regards (ii.), the barometer is mounted 
on gimbals, and as the instrument swings 
with the rolling and pitching of the ship, the 
mercury column oscillates about a mean 
position which is always higher than the true 
position corresponding to the atmospheric 

1 Rot/. Meteorology Roc. J . xxxiy. 100 ; British 
Assoc. Rep., 1019, p. 89. 


pressure, since, in general, the barometer is 
inclined somewhat to the vertical. 

The errors due to (iii.) have been referred 
to separately under (a). Other errors at sea 
of a minor character are not discussed here. 

Of the above sources of error, (i.) is generally 
recognised as the chief cause of cc pumping,” 
and while there are non-oscillatory errors 
inevitably associated with (ii.) and (iii.), it is 
evident that the oscillations of the barometric 
column due to (L), (ii.), and (iii.)— i.e. the 
amplitude of the pumping — can Tbe diminished 
by damping the oscillations, that is, by con- 
stricting the barometer tube more heavily. 

The greater the damping, however, the 
greater the lag of the mercury column in 
responding to the changes of atmospheric 
pressure. Hence, constricting the tube is of 
necessity a compromise between the lag error 
and the errors due to pumping. This com- 
promise may be arranged to suit average 
conditions at sea, or else the worst conditions. 

It is conceivable that, in existing marine barometers 
the best compromise may not have been made. For 
many years past, the constriction of marine barometer 
tubes lias been required to lie between two specified 
limits. The average tube may be regarded as having 
a lagging time of roughly four minutes, i.e. if the 
atmospheric pressure is changing at a uniform rate, 
the barometer at a given time registers the pressure 
which obtained four minutes before the reading was 
taken. 

In the majority of cases the rate of variation 
of atmospheric pressure does not exceed 0-030 in. 
(1 millibar) per hour, i.e . 0*0005 in. (0-017 millibar) 
per minute. The lag error of the average barometer 
corresponding to this rate, being equal to the change 
in pressure in four minutes, is therefore 0-002 in. 
(0*07 millibar). 

Occasionally the rate of change of atmospheric 
pressure may be double or even treble the above 
estimate, so that the lag error may be correspondingly 
increased in extreme cases. It is well known that 
the errors in the determination of atmospheric 
pressures at sea are much larger 2 than the figures 
which have been attributed above to lag, but it is 
difficult to say to what extent they are attributable 
to pumping, and the consequent uncertainty in 
reading the instrument, or how much they are due 
to the influence of the wind on the pressure in the 
chart-room. Undoubtedly both sources of error 
have a considerable influence on the accuracy of 
determination of atmospheric pressure at sea. 

(c) Influence of the Velocity of a Ship on the 
Effective Value of Gravity acting on the Mer- 
cury Column of a Marine Barometer . — -When a 
ship moves in an easterly direction, the net 
centrifugal force due to the earth’s rotation 
and the ship’s motion is increased, so diminish- 
ing the effective value of gravity on the baro- 
metric column. Consequently the instrument 
reads too high when the ship is moving east- 
wards, and too low for westward motion. 

2 Gold, Roy. Meteorolog , Soc. J. xxxiv. 07* 
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The decrease in the value of gravity result- 
ing from a ship’s easterly velocity of twenty 
miles per hour (17-4 knots) is approximately 
0*08 cm. /(sec*) 2 for English latitudes. The 
mercury barometer therefore reads too high 
on this account by 0*0025 in. (0*08 millibar). 

The existence of the error has been ex> 
perimen tally proved 1 by comparing the 
readings of a mercury and an aneroid baro- 
meter on board ship during a series of short 
easterly and westerly voyages. 

§ (9) Fundamental Standard Barometer. 
— It will have appeared from the foregoing 
consideration of the design and errors of 
mercury barometers that these instruments 
do not in themselves admit of ready calibra- 
tion from first principles. It is essential, how- 
ever, that there should be some standard with 
which each barometer * can be compared and 
calibrated. This standard should be designed 
so that all its errors are determinate, and it 
should give in itself a true value of the 
pressure. Such an instrument may he called 
a fundamental or primary standard barometer. 

Before describing a typical primary standard 
barometer, it would be well to consider the 
main difficulties in the design, of the instrument 
and in the absolute measurement of pressure 
from first principles. 

Errors may arise from the following main 
sources. These have not only to be reduced to 
a minimum, but to be made determinate. 

(a) Imperfect vacuum above the barometric 
column. 

( b ) Mercury not absolutely pure (deviation 
from standard density). 

(c) Inaccuracy of measurement of the 

temperature of the barometric column. 

( d ) Inaccuracy of measurement of the 

height of the barometric column, including 
errors of cathetometry and capillarity. 

In consideration of the above errors, it 
should be observed that, since the best Fortin - 
type barometers are consistent to 0*001 in. 
(0*02 mm.) in the measurement of pressure 
(this being generally regarded as the limiting 
accuracy which can be expected of instruments 
of this design), it is desirable that a primary 
standard barometer should yield an accuracy 
of a higher order, e.g. 0*01 mm. or better. 

(a) With modern methods, a satisfactory 
vacuum should be readily attainable. A 
primary standard barometer should be 
designed so that the residual pressure in the 
vacuum space admits of measurement from 
time to time ; for this pressure, though small, 
or even negligible at the initial setting up 
of the instrument, is liable to increase with 
time. 

(b) To a certain limit, probably correspond- 
ing to within ± 0*001 in. on the barometer in 
general, the mercury, as supplied by instru- 

* Duifield, British Assoc. Hep., 1919, p. 92. 


ment makers in their Kew and Fortin-type 
barometers, may be regarded as consistently 
pure. 

Accurate determinations of the density of 
different specimens of mercury purified by 
different methods indicate variations of 
± 0*0001 or even 0*0002 from the mean value, 
13*5955 grammes per millilitre, generally 
accepted as the density of mercury at 0° 0. 
It is evident that the density of mercury 
should be specially determined for the liquid 
used in a primary standard barometer. If 
this differs from the value generally accepted, 
a correction should be made so that the 
instrument will yield pressures in terms of 
mercury of acc epted density. 

(c) Since a change of 1° C. in the tempera- 
ture of the normal barometric column corre- 
sponds to a change of 0-005 in. (0-14 mm.) 
in its height, the measurement of the tempera- 
ture of a primary standard barometer requires 
the most refined methods. It is desirable to 
limit each of the errors (a)-(d) to 0-0001 in. 
(0*002 min.) at the most. This would neces- 
sitate measurement of temperature to within 
0*02° 0., which may be regarded as very near 
the limiting accuracy attained under favour- 
able conditions by high-precision mercury 
thermo meters. Under ordinary condition s, 
the temperature of the mercury in a barometer 
may vary a few tenths of a degree (° C.) 
between the top and bottom of the column ; 
and, unless the barometer is arranged for 
immersion in a constant temperature water 
bath (which severely limits the design of the 
instrument), the problem of measuring the 
mean temperature of the barometric column 
with the required precision requires consider- 
able care, whether mercury thermometers are 
used or not. 

( d ) As regards the measurement of the 
height of the barometric column, the catheto- 
meter measurements can be satisfactorily 
made in terms of a scale which has prev iously 
been calibrated by comparison with a standard 
of length. 

The method of reading the top of a mercury 
column has been referred to under § (5) (il.), 
while the error due to capillary action can be 
reduced so as to be negligible by making 
the barometer tube - of sufficiently large 
diameter. 2 

It is usual in primary standards to arrange 
the barometric column so that the upper and 
lower mercury surfaces are similar. 

In addition to any allowances that have to 
be made for the errors referred to above under 
the heads (a) -(d) 9 a number of relatively 
small corrections have to be applied before 
arriving at the final value of the pressure 
determined by means of a primary standard 
barometer. A full account of these errors is 
a See Table IT. in § (7). 
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given in the publications 1 of the Bureau Inter- 
national, where one of the primary standard 
barometers of the Bureau is described. 

Briefly, the arrangement of this barometer 
is, in essentials, like that shown in Fig. 14. It 
^ is really a combined mano- 

meter and barometer, but 
may be considered here as 
a standard barometer in 
duplicate. 

Tubes 1 and 2 together 
form one barometric 
column with vacuum space 
at the upper end of 1. 

The open end of 2 can 
be put into communica- 
tion with the atmosphere 
or, in fact, any gaseous 
pressure to be measured. 

Tubes 4 and 5 also 
constitute a barometer, 
with closed end at 4, 
and a lower reservoir 5 
communicating with the 
atmosphere through a narrow, bent extension 
tube. 



The tube 3 is a supply reservoir containing 
mercury which is generally under diminished 
air pressure. The upper end of this tube 
may be led to a vacuum pump or temporarily 
opened to the air according as it is desired to 
reduce or increase the amount of mercury in 
each barometer. 

Taps are arranged at the lower end of each 
of the tubes 1, 2, 3, 4, and 5, so that the 
amount of mercury in the two barometers can 
bo adjusted independently. 

This arrangement allows of considerable 
variation in the volume of the vacuum space 
above each mercury column, and makes it 
possible for the residual pressure a in each 

space t o b e c a 1 c u - 
latod from comparisons 
made between the two 
barometers under 
various conditions of 
size of vacuum space. 

The internal diameter 
of the tubes, excepting 
the narrower extension 
parts, is 1-4 in. 

Temperatures are de- 
termined by means of 
four high-precision 
mercury thermometers. 
For convenience, these are not shown in the 
diagrams. 

Fig. 15 shows, as simply as possible, the 
general arrangement of the barometer with 
respect to the cathetometer. 


a 3 4<fc 5 

ja-Q-G-Q-. 
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1 Trarnux H Mfonoires, tome iii. 

2 Modern methodn of measuring high vneua may 
be applied it the upper portion of the barometer 
tube is suitably designed. 


Pke latter consists of a pair of micrometer 
microscopes mounted on a vertical pillar P 
which can rotate about a vertical axis. The 
scale of the cathetometer is set up separately 
at S. so that it lies together with the axes 
of the tubes on the circumference of a circle 
with centre at P. Suitable focussing arranc©- 
monts enable the scale and the axes of the 
tubes to be brought exactly into the focal 
plane of the microscopes, so that the height 
difference between two mercury levels may & bo 
measured directly in terms of the scale by 
rotating the pillar P with its microscopes. 

For further particulars reference should be 
made to the original description published by 
the Bureau International. 


IV. Tiib Aneroid Barometer 

§ (10) The aneroid (or non-liquid) barometer 
is an instrument which, while not susceptible 
of the same high order of accuracy as a 
mercury barometer, is a good substitute for 
the latter under conditions where the use of 
a mercury barometer :is not admissible. 

Its operation depends in principle on the 
fact that a thin metal disc or membrane 
responds elastically, to an appreciable degree, 
to the difference of pressure on its faces. 8 

(i.) Default s' oj Oonetruction. — Fig. 1(5 shows 
full details of the mechanism of the aneroid. 



Fia. 1«. 


Notation . — A. Metnl base plate to which the 
aneroid mechanism is attached. 

B. Corrugated chamber, formed by two thin 
metal diaphragms, called the vacuum- box, since it is 
thoroughly exhausted of air. It is securely bolted 
to .tho base plate A at the centre of the lower 
diaphragm. 

C. Bridge which spans the vacuum-box B. 

“ Compare the Bourdon Gauge, article “ Pressure, 
Measurement of,” § (.11). 
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DD. Adjusting screws which are used to raise or 
lower the bridge, thereby altering the tension on 
the vacuum- box B. 

E. Adj us ting screw for setting the aneroid to read 
correctly at current atmospheric pressure. The head 
of this screw is seen in the back of most aneroids. 

It provides a slow motion for raising or lowering 
the bridge 0, thus slightly adjusting the vacuum- 
box system and therefore the reading of the aneroid. 

E. Steel spring which slides in the back of bridge C. 

0. Knife-edge (of triangular or square steel rod), 
passing through the stud of the vacuum- box and 
coupling the box with the spring E, which tends to 
open the box by pulling strongly upwards. 

The spring and vacuum-box are coupled 
together by means of the knife-edge G. It 
should be noticed that as the vacuum-box is 
similar to a small circular metal box (closely 
resembling two lids of a tin can soldered 
together at their edges), it will be sensitive to 
changes of atmospheric pressure, and, when 
exhausted of air, will collapse as illustrated by 
Figs. 17 and 18. 

One of the functions of the steel spring F 
is to oppose this tendency of the vacuum-box 



Eiq. 17. Fig. 18. 

Before removal of Air. After removal of Air. 


to collapse. When coupled to the box its 
tension should be equal to the pressure of 
the atmosphere on the two diaphragms of the 
box. Under these circumstances the shape 
of the box does not return to that shown in 
Fig. 17, because the tension of the spring is 
applied at the centre of the diaphragm, whereas 
the atmospheric pressure is uniformly dis- 
tributed over the face of the diaphragm. 
The final shape of the vacuum-box will there- 
fore be somewhat like that illustrated in 

Fig. 19, but will 
depend largely 
upon the thickness 
of the metal mem- 
brane. 

As the under 

ElO. 19. — After coupling with s ^ e ° ^ vacuum - 

the Control Spring. box is secured to 

the base - plate of 
the aneroid, it is clear that the upper side 
will move upward or downward with the 
control spring according as the atmospheric 
pressure decreases or increases. 

H. Bar or arm attached firmly to the spring so 
that its end gives a magnified movement correspond- 
ing to the movement of the vacuum-box. This bar 
contains a device for compensating the aneroid for 
errors due to changes in the temperature of the 
instrument. 


1 1. Two supports or pillars fitted to base- plate A. 

J. Bar, or regulator, working on steel points or 
pivots passing through the supports 1 1. 

If the illustration be carefully studied it 
will be noticed that there is a small rod passing 
from the end of the arm II to the side of the 
bar or regulator J. 

An increase in atmospheric pressure causes 
the arm H to move downward and the 
regulator J to rotate outward 11 from the 
mechanism. An arm is set in an upward 
direction from the regulator J, which at 
its upper end magnifies the movement 
considerably. 

K. An arm or cock mounted on an independent 
pillar fixed to the base-plate. 

L. Pin or arbor passing through the end of cock K. 
The indicating needle of the aneroid (not shown in 
diagram) is mounted on this pin. 

M. Hairspring fitted to pin. 

N. Chain of steel one end of which is fitted to the 
arm passing upward from the regulator J, the other 
being secured to the pin L. 

Concerning the more important parts of 
the mechanism, the following are further 
particulars : 

(ii.) Vacuum Chamber . — This is, in general, 
made of thin sheet German silver, corrugated 
in order to produce greater flexibility of the 
membrane. 

The corrugations may be made by stamping 
or by spinning the membrane in a lathe. 

The diameter of the membrane depends on 
the size of the instrument. It is usually a 
little more than half that of the dial of the 
aneroid, and so varies from 1 in. for a small 
watch-size instrument to about 3 in. for 
the largest aneroids. 

As to the thickness of the metal membrane, 
there is a rather limited choice for the aneroid 
maker. Usually, when German silver is 
employed, 0*004 and 0*006 in. are standard 
sizes for most aneroids. An increase in the 
thickness clearly results in a stiller membrane, 
i.e. there will be less movement of the centre 
of the membrane corresponding to a given 
change of pressure. Consequently increased 
magnification will be required in registering 
this movement on the dial of the instrument. 
On the other hand, if a thin membrane (e.g. 
0*002 in. gauge) is used it will, in general, be 
unduly distorted on account of its greater 
flexibility, the control spring operating at the 
centre of the membrane. 

Clearly there is a limit to the thinness of 
metal used in making up the vacuum chamber. 
In practice, it is found that German silver, 
0*002 in. in thickness, can only be employed in 
the case of a small watch-size aneroid where 
the membrane is approximately I in. in 
diameter. Even then it is desirable to restrict 
its use to a short pressure-range. For longer 
ranges on a dial of similar size, the requisite 




170 


BAROMETERS AND MANOMETERS 


magnification can be obtained when a thicker 
membrane is used, 

German silver is not exclusively used in 
making the membranes for aneroid vacuum 
chambers. Steel diaphragms have been used 
with some success in diminishing the defect 
commonly known as “ creep,” which occurs 
to a greater or less degree whenever the 
membrane is strained by being subjected to 
large changes of pressure such as are necessarily 
met with in aeroplane flights. 

Some aneroids are still made in this country 
with steel diaphragms. In at least one type 
of aneroid, phosphor - bronze is used as 
diaphragm metal. 

(iii) Lever System for Mechanical Magnifica- 
tion of the Movement of the Diaphragm of the 
Vacuum Chamber . — So far, no mention has 
been made of the kind of scale to be found on 
the dial of the aneroid, or of the precise nature 
of the magnification employed in transferring 
the movement of the vacuum-box diaphragm 
to the movement of the indicator on the dial 
of the instrument. 

The exact arrangement of the system of 
magnifying levers depends on whether the 
instrument is intended to record pressures or 
altitudes, or both. Further reference to this 
point will be made under the subsection 
dealing with altimeter aneroids (§ (18)). 

If the aneroid is intended to record pressures 
only, it is usual to arrange the subdivisions 
of the pressure scale on the dial to be more or 
less uniformly spaced throughout their range. 
Exact uniformity of spacing is resorted to 
in cases where a vernier is used with the 
pressure scale in order to read off fractions 
of a subdivision, but the use of a vernier 
with a pressure-reading aneroid is neither 
usual nor to be recommended in general. 

The relation between the amount of move- 
ment of the centre of the vacuum - box 
diaphragm and the pressure-change which 
causes this movement is very nearly linear, 
even for a pressure -change from 30 to 15 in. 
of mercury. 

The amount of movement corresponding to 
a pressure- change of 1 in. of mercury depends 
upon, a number of circumstances, chief of 
which are : 

(а) The stiffness of the control spring. 

(б) The dimensions of the vacuum -box, 
including the thickness of the diaphragms. 

(c) The material of the diaphragms, etc. 

A fair average estimate in the case of a 
single bof> of two membranes would he 0-005 
in. movdtaent for a pressure -change of 1 in. 
of mercury. This movement is indicated on a 
pressure scale in which a nominal inch of 
mercury usually measures at least a linear inch 
(sometimes more, according to the openness 
of the scale). Hence, a magnification of the 
order 200 or more has to be obtained. 


Roughly speaking, a twentyfold magnifica- 
tion is easily obtained by the lever system 
shown in Fig . 16, between the vacuum-box 
and the metallic chain. A further magnifica- 
tion of twenty may be obtained in transferring 
the motion of the chain to that of the pointer 
on the scale, using the wheel and axle principle. 
The magnification is, generally speaking, 
tolerably uniform throughout the range of the 
pressure scale. 

Variation of magnification with the position 
of the pointer on the dial can be obtained 
by suitable arrangement of the angular posi- 
tions of the shorter levers (see § (18)). 

Of course, increased or diminished magnifica- 
tion throughout the range of pressure may be 
obtained by suitable alterations of the lengths 
of the levers. 

§ (11) Compensation op the Aneroid eor 
Temperature. — The effects of temperature 
on the mechanism of an aneroid barometer 
are sufficiently marked to necessitate com- 
pensation in aneroids generally. They are 
twofold in character, for in addition to the 
thermal expansion of the aneroid mechanism, 
particularly the diaphragms, there is a thermal 
change in the values of the elastic moduli of 
the material of the vacuum -box system. ; and 
the result of an increase in temperature is to 
make the diaphragms of the box approach 
one another. 

Commercsially, an aneroid is called “ com- 
pensated ” if it has some device in it -which 
will make the reading independent of tempera- 
ture at such pressures as occur at sea-level 
(i.e. at about 30 in.). This, however, does 
not necessarily amount to complete thermal 
compensation of the instrument. If the scale 
of a “compensated” aneroid is correctly 
graduated at a given temperature for all 
pressures, it will not necessarily be correct 
at another temperature for all pressures. 
The existence of a temperature coefficient to 
the scale value of an aneroid should not, 
therefore, be overlooked. In the majority 
of eases in which the aneroid has been com- 
pensated at a constant sea- level pressure 
this coefficient is small, but not necessarily so. 

Two methods are employed in practice to 
compensate aneroids for temperature changes. 
The better and sounder plan is to make the 
long arm of the lever system of two different 
metals, viz. brass and iron firmly brazed 
together. 

Actually, this arm is chiefly of brass, but a 
length of iron is inserted in the upper side. 
Owing to the unequal thermal expansion of the 
two metals (the expansivity of brass being 
greater than that of iron) the effect of an in- 
crease in temperature is to bend the bimetallic 
lever, making it slightly concave upwards, 
i.e. towards the dial. This opposes the thermal 
expansion of the diaphragms, counteracting 
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The most justifiable use of the present-day 
aneroid is as a relative pressure indicator. 
Under good conditions, an accuracy of + 0-01 
in., or even better, can be secured with an 
aneroid in the measurement of differences of 
pressure extending to a few inches of mercury ; 
but wherever an aneroid is used to give absolute 
values, it is highly advisable to compare it, at 
suitable intervals of time, with a reliable 
mercury barometer, in order to obtain informa- 
tion as to the magnitude of the gradual or 
secular changes in the aneroid. 

In spite of this disadvantage, there is 
considerable scope for the use of an aneroid 
as a precision instrument. 

The mercury barometer has its limitations. 
Although it is unrivalled as a reliable pressure 
indicator at land stations, its accuracy is 
reduced aboard ship by the oscillations of the 
ship and other causes, while its use in aircraft 
is largely impracticable. 

Consequently the aneroid, on account of its 


formly over the surface of the diaphragm. 
Even at 30 in. there may be a tendency 
for the internal structure of the metal of the 
vacuum- box to readjust itself gradually under 
the action of the tension in the diaphragms, 
but when the atmospheric pressure is dimin- 
ished considerably below 30 inches, with 
corresponding movement of the diaphragms, 
the tension in the latter will be considerably 
increased. Consequently the diaphragms, 
though responding to the diminution of 
pressure, do not remain steady at the new 
pressure, but show a further small but gradual 
change in the same direction, in the course 
of time, while the same pressure is maintained. 
This change, or “ creep,” as it is technically 
called, may be represented as the accommoda- 
tion of the internal structure of the metal 
diaphragm under shearing stress. Commen- 
cing with the application of the shearing 
stress, it may last days or even weeks before 
it becomes inappreciable. 


Inch 



portability and general convenience, is in- 
dispensable on aircraft, and of considerable 
use, not only at sea, but for survey and other 
work on land. 

(ii.) Errors and Defects — “Creep” and 
Hysteresis . — Most important of all the defects 
to which the aneroid is susoeptiblo is that 
generally known as “ creep.” 

It will assist in the appreciation of this 
defect if a passing reference is made to Figs. 
17, 18, and 19, in which the vacuum-box is 
shown in three stages of development : 

(a) Before being exhausted of air. 

(b) Immediately after exhaustion. 

(c) After coupling up to the control spring. 

In (a) there is no tension in the membrane, 

while in (6) the diaphragms are clearly de- 
flected. In (c), although the tension of the 
control spring is arranged to balance the 
total atmospheric pressure on the vacuum- 
box at normal pressure (i.e. 30 in.), the 
diaphragms are still somewhat in a state of 
strain, since the tension of the control spring 
is applied at the centre of the upper diaphragm, 
while the atmospheric pressure acts uni- 


To give a concrete example, the preceding 
curves (Fig. 20) represent the variation of the 
reading of an aneroid barometer with time 
while maintained under a constant low press- 
ure. They may be considered ty pical of the 
average aneroid. 

The lower and upper curves correspond to 
the pressures 22 and 14 in. of mercury 
respectively. In both cases the “ creep ” 
was measured from the time when the aneroid 
was submitted to the given low pressure. 

It will be observed that the “ creep ” 
follows at least approximately an exponential 
law of variation with the time. 

Other conditions being equal, the amount 
of “creep” will be increased : 

(a) The further the pressure is diminished. 

(b) The thinner the diaphragm. 

(The rate of diminution of the pressure 
also has an influence on the “creep,” which 
is likely to vary in diaphragms of different 
material.) 

On the other hand, if the pressure is restored 
to its initial value, say to 30 in., the aneroid 
will first read lower than initially by a quantity 
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of the same order of magnitude as the total 
amount of “creep.’ 1 A recovery by a similar 
gradual process of accommodation of the 
internal structure then takes place, the curve 
of recovery being somewhat similar to that 
given in Fig . 20 inverted. If the pressure 
had been brought to some intermediate value 
instead of being restored to 30 in., only a 
proportion of the loss due to “creep” at the 
lowest pressure would be recovered, and the 
aneroid would be compromised between a 
recovery due to a partial restoration of press- 
ure and a possible further “creep” due to its 
maintenance at a pressure below 30 in. 

(iii.) Influence of the Rate of Change of 
Pressure on the Calibration of an Aneroid . 1 — 
From the foregoing reasoning it follows that, 
since an aneroid “ creeps ” to greater or less 
extent at any diminished pressure, the gradua- 
tion of the pressure scale involves a considera- 
tion of the rate of change of pressure. It is 
clear that in the case of mountain aneroids 
the rate of change of pressure, or climb, will 
be very slow, while for aircraft aneroids the 
rate is usually very quick. 

In the workshop it is desirable to calibrate 
aneroids following a quick rate of artificial 
change of pressure such as would be con- 
venient and economical with respect to time. 

At the Government testing institutions, 
where aneroids are examined, the rate of 
change of pressure may be slow or quick 
according to the use to which the instrument 
is intended to be put in practice. 

(iv.) Fxample of Influence of Time Factor 
on the Aneroid Reading at Low Pressure . — 
The reading of an average aneroid, graduated 
from 30 to 23 in., is approximately 0*05 
in. higher at 23 in. following a very quick 
diminution of pressure from 30 to 23 in. 
(e,g. lasting only one or two minutes) than after 
a very slow diminution (lasting about one 
hour). 

For an average aneroid of range 30 to 16 
in., the corresponding discrepancy at 16 in. 
would be of the order Ar hr. 

Incidentally, it is desirable not to confuse 
the expressions “lag” and “creep” as 
applied to aneroids. The term “ lag,” as 
generally understood in its broadest sense, 
implies that the instrument under considera- 
tion does not immediately and fully respond 
to the changes it is intended to indicate. 

An aneroid barometer certainly responds 
quickly to the changes of pressure to which 
it is subjected. Whether the change is large 
or small, the instrument responds almost 
entirely within a minute of completion of the 
change. Under circumstances of very rapid 
change of pressure, such as occur to an aero- 

1 This particularly concerns the long-range instru- 
ments. The effect on the calibration of short-range 
aneroids is not very marked. 


plane when the pilot is making a very rapid 
descent, it is not expected that the instrument 
will be free from lag. 

On the other hand, as Fig. 20 illustrates, 
an aneroid starts “ creeping ” to a greater or 
less extent when put under a given diminished 
pressure. The exponential shape of the curves 
may suggest a time lag indicating that the 
instrument may be approaching the true 
condition of deformation of the vacuum-box 
corresponding to the diminished pressure. 
Actually, however, the aneroid has quickly 
and fully responded to the diminution of 
pressure, following the elastic laws of de- 
formation, but owing to excessive straining of 
the diaphragm near its surface, and particu- 
larly near the centre, where it is pulled out 
by the control spring, changes in the internal 
structure of the diaphragm metal take place 
beyond the ordinarily recognised elastic laws, 
and give rise to the phenomena designated 
as “ creep.” 

It may also be asked. What differences are 
found between the falling and rising readings 
of the aneroid at any given intermediate 
pressure, if the lowest pressure is maintained 
for only five minutes or so, before the return 
to initial pressure is commenced ? Fig. 21 



Fra. 21. — Curves illustrating the Amount of 

Hysteresis in the Average Aneroid when sub- 
mitted to a Pressure Cycle. 

(Compiled from particulars of aneroid tests at the 
National Physical Laboratory, and arranged to 
represent a mean of the various sizes in which 
aneroids are made.) 

shows curves illustrating the average differ- 
ence found between the errors of the scale 
for diminishing and increasing pressures in the 
course of laboratory tests, on aneroids. 

Though illustrating tc creep,” they are also 
known as hysteresis curves. 

In the above diagram it has been assumed that 
the pressure scale of the aneroid has been correctly 
graduated with pressure diminishing in accordance 
with the most usual rate of test at the laboratory 
(?‘.e. 1 in. per 5 minutes). 

The curved lines BO, B'C', B"C", and W"Q ,,f 
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represent the errors with pressure increasing from 
26, 22, 18, and 14, in. respectively, the residual 
errors at 30 in. corresponding to the four different 
pressure cycles being AC, AC', AC", and AC'". 

Further examples might be cited of the behaviour 
of aneroids under diminished pressures, but all 
would be illustrative of what has already been 
described as <c creep.” 

(v\) Limitation of the Amount of “ Creep ” 
in an Aneroid. — Various attempts have been 
made to reduce the errors consequent upon 
“ creep.” 

During the Great War a large number of 
aneroids were made not only for barometric 
purposes, but as height indicators — Le. alti- 
meters — in aircraft (to which, reference will be 
made in § (18) (iv.)), and the question of 
redaction of “creep” was given considerable 
attention both before and during the war. 
As a result it was shown that the source of 
the ct creep 55 lay* almost entirely in the vacuum- 
box, a negligible proportion being due to the 
control spring. 

Two methods are feasible for diminishing 
the creep : 

(a) Judicious selection and treatment ox 
the diaphragm metal for making the vacuum- 
box. 

(b) Judicious control of the stiffness of the 
elastic system, including both spring and 
vacuum-box. 

The former was attempted with some 
success by the use of a vacuum- box with 
diaphragms of steel, tempered glass -hard. 

The latter method, depends upon the follow- 
ing consideration : 

The source of the bulk of the error due to 
“ creep ” has been located in the vacuum -box, 
not in the control spring. If the spring is 
made stiff er„ so that its response to a given 
force is smaller, the combination of the spring 
and vacuum-box is stiffen. Hence, as the 
movement of the vacuum-box in response to a 
given pressure -change is smaller, the shearing 
stress in the diaphragms is relatively smaller 
corresponding to that pressure-change, and 
consequently the “ creep ” is smaller. 

This has been expressed mathematically by 
Hersey . 1 This theorem is very important from 
several points of view, and can bo made the basis 
of a mathematical analysis of the performance of an 
aneroid in terms of the, features of the component 
parts of its mechanism. Starting with the definition 
that the stiffness of a body, or of a system of bodies, 
is the ratio of the force applied to the deflection 
produced, the theorem states that if S is the stiffness 
of a coupled system consisting of two component 
parts whose stiffnesses are S x and S 2 , the relation 

S = A(S^ -f~ Sg) 

is satisfied, where X is a dimensionless constant 
characteristic of the component to which the external 

1 J. Wash . Acad. Sci. , 1910, vi. No, 16. 


force ^ is applied, being unity if applied at the 
c oupling. By differen tiation 


dS = \(dS t +dS 2 ) 



S 

-1-s. 


(d$ ± -MS 2 ), 

*> 


Hence the fractional change in the stiffness of the 
coupled system, in terms of the fractional changes in 
the stiffnesses of the components, duo to any cause 
whatever, is 


dS 

S 



+ (1 - 7 ]) 


rfS g 

b*> 


where 77 denotes . 

4- 

By applying this relation, and considering the 
fractional variations dS/S, etc., to be duo to “ creep” 
alone, it appears that a vacuum- box having in 
itself a given “creep ” dS x f S 1 would, if coupled to a 
perfectly elastic steel spring (i.e. with <ZS a /S a *»<))■ 
twice as stiff, give a system with only one-third the 
“ creep” of the vacuum- box alone. 

Note . — The magnification given by the lever system 
would need to bo correspondingly increased/ since 
in this method the reduction in “ creep •* is obtained 
by sacrificing sensitiveness of movement of the 
diaphragms. 

(A further reference to the influence of “creep” 
upon the performance of present - day aneroids 
will be given under the heading “Altimeters” (see 
§ (18) (iv.).) 

(vi.) Errors due to Friction of Mechanism, 
etc . — In linking together the component parts 
of an aneroid mechanism, a compromise must 
be made between errors or inconsistencies in 
the reading of the instrument due to friction 
and those due to backlash consequent upon 
loose jointing of the lever system, metallic 
chain, etc. A hair-spring is fitted to the pin 
which carries the indicating needle in order 
to take up this backlash. 

In a good aneroid these mechanical errors 
are quite small. The extent of their magnitude 
can be seen by tapping the aneroid from 
different sides and holding it in a variety of 
positions. In general, the indications of an 
aneroid vary slightly according as the instru- 
ment is read in the horizontal or in the vertical 
position. This difference depends upon the 
way in which the parts of the aneroid are 
balanced. 

One important defect which prevents a more 
extended use of the aneroid in practice is the 
susceptibility of the instrument to slow and 
usually progressive changes, in course of time, 
at ordinary atmospheric pressures. In the 
case of aneroids that have been subjected 
repeatedly to low pressures, such a progressive 
change is not surprising. 

With meteorological aneroids used only for 
sea-level pressures, i.e . for the range 31 to 27 
in., it would be expected that once the aneroid 
were set to read correctly by comparison 
with a standard mercury barometer it would 
not need readjustment for some time. Such, 
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however, is not the case, as the diversity of 
readings of many a household aneroid baro- 
meter will suggest. Aneroids take some time 
to settle down to a comparatively stable state 
after being first put into use. 

It is wise, therefore, not to rely implicitly 
on the aneroid for absolute readings, but 
rather for differences of pressure. In many 
cases there are occasions for comparing its 
readings with independent values of the atmo- 
spheric pressure. Where the instrument is, 
found to read increasingly low, a leakage of 
air into the vacuum-box may be suspected. 
Nowadays this trouble happens but rarely. 

§ (14) The Aneroid Barograph. — (For 
Mercury Barograph see § (3) (vi.).) 

Fig . 22 shows a normal pattern aneroid 
barograph, or self-recording barometer. 

The type illustrated is of short range, suitable 
for meteorological purposes at or near sea- 



Fxo. 22. 


level, where the range of variation of atmo- 
spheric pressure is but a few inches of mercury. 

It will be seen from the illustration that 
the control spring of the type usually fitted 
to an indicating aneroid is absent. It is 
general practice in making barographs to 
insert a suitable control spring inside each 
vacuum- box. 

Broadly speaking, the mechanism of the 
indicating aneroid is retained, except that the 
metallic chain operating the indicating needle 
is replaced by a long pen lever, which traces 
out the record on a uniformly revolving drum, 
driven by clockwork. 

t When a barometer is made self-recording, 
it is usually at the expense of accuracy, which 
is limited by the friction of the pen and some- 
times by a lack of balance of the component 
parts of the mechanism. In good barographs 
these disadvantages are satisfactorily small, 
and do not outweigh the advantages offered 
by a self-recording instrument. 

In the field of aeronautics there is a demand 
for a self-recording aneroid for certain classes 
of work. In several of the height records 
attempted by pilots during the last decade, 
the estimation of the height attained by air- 


craft has been based on sealed barographs 
which were tested in the laboratory and 
checked at the conclusion of the flight. 

On account of progress iu aviation, attention has 
been given to the long-range barograph. Its calibra- 
tion in the workshop presents somewhat more 
difficulty than the short-range instrument. Beyond 
a certain limiting pressure, generally in the neighbour- 
hood of 15-3.2 in., but dependent on the dimensions 
of the vacuum- box, the movement of the metal 
diaphragms loses consistency, and departs from the 
general linear law of deflection with pressure which 
is obtained at higher pressure. 

It is natural that the accuracy of an aneroid 
barograph should deteriorate with increasing range. 
On the other hand, the graduation lines of the chart 
are less openly spaced than in the short-range 
instrument. 

The recording mechanism of the average barograph 
may leave much to be desired, if the instrument is 
used on aircraft, owing to vibration and also to 
backlash in its parts. Experiments have been made 
on barographs in which these errors have been 
diminished by making the record on a different 
principle. In one case an instrument was developed 
which recorded photographically by means of a 
narrow beam of light reflected from a small mirror 
actuated by the vacuum- box system of the barograph, 
the record being traced on sensitised paper on tlio 
revolving drum. 

This is but one example of the possibilities of 
development of the barograph, which in its present 
form has scarcely reached a condition of finality 
such as aviators would desire. 

V 

§ (15) The Barometer tn Practice. — 
With the exception of meteorological work, 
there are, in general, different fields of use 
for the aneroid and the mercury barometer. 

Among the many uses to which barometers 
are put nowadays, the following should be 
mentioned as being the most important : 

(i.) Weather Forecasting , — Systematic use of 
barometers and other instruments is made by 
the Meteorological Office, which is responsible 
for the collection of information required for 
the purpose of weather forecasting. Instru- 
mental observations are made on a com- 
prehensive basis in order to ascertain the 
distribution of atmospheric pressure, not only 
over the British Isles but, in conjunction with 
other countries, over the Northern Hemisphere 
generally. 

This involves barometric readings taken both 
on land and at sea. In the British Isles 
there are a number of officially recognised 
stations which daily, or in many cases more 
frequently, send their observational data to the 
Meteorological Office. At sea, observations are 
made on the atmospheric pressure by means 
of a mercurial marine barometer of the type 
described in § (3) (iv.), 

(The limitations to the accuracy of the 
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mercury "barometer in the measurement of 
atmospheric pressure are discussed in § (8) 
(ii.). Some of these factors refer equally to 
aneroid barometers, but the latter are not so 
generally used as the former in connection 
with official weather forecasting.) 

An outstanding advance has been made dur- 
ing the past decade in the investigation of the 
meteorology of the upper atmosphere. This 
has been done by sending up small registering 
balloons, each supplied with a set of record- 
ing instruments called a meteorograph. The 
instruments are exceedingly light and of 
compact design, and are referred to else- 
where. 1 

(ii.) Surveying . — Considerable use is made 
of the aneroid barometer for surveying 
purposes, but care should be taken not to 
overrate the performance of this instrument. 
Accurate results can be obtained from the 
aneroid under suitable conditions, but if it 
is used under extended ranges of pressure or 
height, then it follows that much care is 
needed in dealing with the errors due to 
instrumental and atmospheric conditions (see 
Part VI. § (16) on the “ Determination of 
Heights by the Barometer ” ). 

The most justifiable use of the aneroid for 
survey work lies in the evaluation of heights 
intermediate between two given contours 
which have been accurately determined by 
other methods {e.g. by means of a theodolite). 
This requires relative measures of height only, 
and for such interpolation work the surveying 
aneroid is usually provided with a uniformly 
spaced scale of heights in addition to its 
pressure scale. 

The accuracy obtainable in determining the 
height of a given station by reference to two 
known stations depends on a number of 
circumstances. For interpolation over ranges 
up to about 3000 ft. above sea-level, it is 
possible to obtain an accuracy of + 10 feet, 
using an aneroid of the best quality and 
sensitiveness, in which errors of friction and 
backlash in the mechanism have been satis- 
factorily minimised. Such an accuracy would 
represent the best attainable limit under 
special circumstances. In surveying by inter- 
polation at high altitude, the final errors are 
considerably larger. 

It is highly desirable that the instrument should 
he well compensated for changes in its temperature. 
In a number of cases fche accuracy obtainable in this 
survey work is limited by the incomplete thermal 
compensation of the aneroids employed. 

(iii.) Aviation . — The basis of the determina- 
tion of height by means of the barometer is 
discussed in Part VI. § (16), together with 
the limitations in the use of the aneroid baro- 
meter as an altimeter on aircraft. 

1 See article “Air, Investigation of the Upper,” 
§ (7). 


(iv.) Physical and Chemical Determinations. For 

these purposes the mercury barometer is ordinarily 
used, since tlio barometric precision demanded 
generally exceeds that obtainable from an aneroid 
barometer. There are occasions, however, on which 
an aneroid may more readily bo used, though with 
sacrifice of accuracy. 

The use of the barometer is incidental to 
many operations of a physical or chemical 
nature, some involving high accuracy, others 
only a moderative accuracy. In special cases, 
such as the determination of some physical 
constants, and in certain measurements and 
standardisations of a fundamental nature, the 
barometric factor is of high importance, and 
sometimes limits the final accuracy of the 
determination. 

In many cases the work requires the use of a 
manometer, or a manometer in conjunction with 
a barometer. Further reference to this point 
is made in Part VII. § (19) on “Manometers.” 

Suffice it to mention but two such in- 
stances where high precision is required of 
the barometer. 

The determination of the boiling-point on a 
thermometer is dependent on the measurement 
of atmospheric pressure. A change of 0-27 
mm. in the pressure corresponds under normal 
conditions to a change of 0-01° C. in the 
boiling-point. An accuracy of 0-01° C. is often 
demanded in calibrating thermometers, and 
in the determination of the primary funda- 
mental thermometer standards a still higher 
order of precision is required. 2 

Similar barometric accuracy is demanded 
in the maintenance of precision standards of 
mass, for the reason that the fundamental 
and legal standards are of platinum, a metal 
which is too costly for sub-standards of mass, 
which are usually of considerably less dense 
material. Consequently, in comparing the 
sub-standards with the fundamental ~ ones, 
high precision is required in the evaluation 
of the buoyancy correction, and this incident- 
ally demands high barometric accuracy for 
the determination of air density. 

VI 

§ (16) The Determination of Heights by 
the Barometer. — In climbing from one level 
to another, whether on land or in the air, it 
is found that the pressure, temperature, and 
density of the atmosphere as a general rule 
decrease. 

As the variation of pressure with height is 
the most considerable of these three quantities, 
the barometer has, in consequence, been 
used as a means whereby atmospheric heights 
can be obtained. In aircraft, where a 
knowledge of the height attained in flight is 
obviously useful, the barometer offers practi- 

4 See “ Thermometry,” § (3) (v.) Vol. I. 
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oally the only method of determination. There 
are other methods for determining the height 
of aircraft from without. These have "been, 
successfully developed during the war. 

(i.) Fundamental Formulae. — The deter- 
mination. of heights by a portable barometer 
depends, in the first instance, upon a know- 
ledge of the relation between heights and. 
pressures. A theoretical investigation of this 
relation will he found in the article “ Atmo- 
sphere, Physics of” (§ (1). 

It is there shown that the assumption that 
the temperature is constant and equal to T° 
absolute leads to the formula 

rjrn 

H = y l O g 10 e (logl0 ^ 1 ~ Io 2io 

which at sea-level in latitude 45° becomes 
in feet 

H = 22 1 IT ( logxoPi - log 10 p a ), 
and in metres 

H = 67 -4T (logxoPi - log 10 p 2 ), 

T being measured in absolute Centigrade 
degrees. If the temperature decrease uni- 
formly with the height according to the law 

T=T X -/3H, 

where T x is the temperature at zero height, 



and this, assuming a fall of 6-6° C. per kilo- 
metre, gives us the value for H in metres : 

H = 153-85 xT 1 {l-(g)' 1901 }. 

Though the logarithmic formula given above 
is based on the assumption of an isothermal 
atmosphere, it can be shown by observations 
to give high accuracy in the determination 
of heights, provided the assumed isothermal 
temperature T is taken equal to the mean 
atmospheric temperature over the height 
considered- 

Numerical values of the height-difference 
between two hypothetical stations have been 
worked out from these two formulae for 
several particular cases, including large and 
small variations of pressure and temperature, 
taken at random with sufficient range to test 
the formulae severely. In general, the two 
formulae yield height -values which are in 
agreement to within 1 part in 1000, provided 
that the mean value of the atmospheric tem- 
perature between the two stations is employed 
in the isothermal formula, while a uniform 
gradient of temperature defined by the tem- 
peratures at the two stations is assumed in 
using the other formula. In no case does the 
discrepancy exceed 1 part in 5QCX 


It is, however, clearly impossible, owing to 
the extensive vertical gradient of atmospheric 
temperature, to select a single value to re* 
present accurately the mean atmospheric 
temperature; for all heights. Consequently, 
although the isothermal formulae (with pro- 
perly selected temperature ) may be justifiably 
used as an accurate means of determining the 
difference in height between two levels at 
which the pressure and temperature are known, 
any table of corresponding heights and press- 
ures based on the isothermal formula, with 
one fixed value of the atmospheric temperature 
for all heights, can, at the best, be only 
approximate. 

In the past, the isothermal type of formula 
has generally been used in the determination 
of heights by the barometer. It received 
international sanction some years ago, and 
was incorporated in the most recent (1890) 
edition of the International Meteorological 
Tables. 

Effect of Variation of Gravity 1 with Altitude . — In 
the formulae arrived at so far, gravity has been 
treated as constant throughout the range of altitude 
considered. The effect of taking into account its 
small variation with altitude in deducing the height 
formula would naturally he to alter the shape of the 
formula and unduly complicate it. Sufficient accu- 
racy is obtained by assuming gravity constant and 
equal to the mean value over the range of height 
considered. 

(ii.) (Tlit Old Internationori Meteorological 
Formula for co?nfu,ting Heights from Pressures. 
— The formula given below is, in the main, 2 
that adopted by the International Meteoro- 
logical Committee in their tables for the 
determination of heights by the barometer : 

Notation . — Altitude of lower station in metres, 
h 2 “Altitude of upper station in metres, 

- T=Mean atmospheric temperature be- 
tween the two stations expressed 
in absolute degrees, 

T 0 « Absolute temperature corresponding 
to the melting-point of ice, 

«0 = Mean pressure of aqueous vapour in 
the air column between the 
stations (supposed in the same 
vertical line), 

7]= Mean pressure of the air in the 
column between the two stations, 
X== latitude of the stations, 

= Atmospheric pressure at j ex cdin 

lower station, Lfic same 

#>2 = Atmospheric pressure at un .^ 3 
upper station, J 


1 The value of gravity at a height of 10 kilometres 
is less than that at sea-lcvol in the same latitude by 
1 part in 300. 

2 Bee Tables MMorolOffiqu.es Internationa les, 

puhlislied by Gauthier- Villars, Paris, in 1890. 

3 If pressures arc obtained by means of the 
mercury barometer, the readings of the instrument 
should bo corrected to the sanae temperature and 
gravity. 

IS 
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Formula : 


x (1 + 0-00259 cos 2X> * (l + A±i) log„& 


In the International Meteorological Tables, h is 
written as < 56 / 77 , 


where </> = mean pressure of' 

aqueous vapour I between the 
77 = mean pressure of j stations, 
the air 


two 


This formula consists of six factors, which 
are designated as 1 

A, B, C, D, E, F 

for the sake of further explanation, so that the 
formula may be written 

h 2 ~ \ = A xBxCxDxExF. 

(A.) The factor A, equal to 18400 for alti- 
tudes measured in metres, is computed from 
the expression 

T 0 xB 

(§ (16) (i.)), including the elementary log- 
arithmic formula and barometric constant 
without refinements for gravity and humidity, 

where R is the gas constant for dry air with 
normal content of carbon dioxide. 

M = l°gio e - 

g 45 is the value of gravity at mean sea- 
level in latitude 45°. 

(B.) B, equal to T/T 0 , is the temperature 
factor. 

It is obviously very important, since the 
altitude varies directly as the mean absolute 
temperature of the air column. For accurate 
determination of heights by the barometer 
every possible effort should be made to obtain 
the value of T as accurately as possible. 

The factors, C, D, and E are relatively less im- 
portant than A, B, and F. 

Their combined effects do not, in general, exceed 
1 per cent of the calculated value of the altitude. 

(C.) Humidity Factor . — The density of aqueous 
vapour is 0*622 relative to air. A given volume of 
moist air weighs less than the same volume of dry 
air at similar temperature and pressure. Hence, 
for a given pressure difference between two stations, 
the altitude is greater the greater the humidity of 
the air. 

The factor O, therefore, always exceeds the limiting 
value 1 for dry air. 

Consider an elementary volume of dry air of unit 
mass. If we substitute for it the same volume 
of moist air, of humidity 7c, at the same pressure and 
temperature, we get a resulting mass 

1 - & +fc x 0*622 = I - h x 0*378. 


1 The corrective factors B and E given above arc 
expressed in a somewhat different form in the pub- 
lished. tables. For simplicity, most of the numerical 
terms given in the International Tables are retained, 
though more recent determinations of physical and 
geodetic constants have resulted in slightly different 
values. 


and the correction factor C for humidity is 

1 

1 ~ 0*378(0/77)* 

The correction for humidity can only be made 
approximately. According to the tables, its 
maximum effect does not exceed 0*5 per cent of the 
calculated altitude unless the mean air-column 
temperature T exceeds 283° A. 

(D.) In the determination of the barometric con- 
stant A, standard gravity (< y 45 ) was assumed. For 
the measurement of heights in another latitude 
the constant A must be multiplied by 


^45 


, Le. by (1+0*00259 cos 2 X). 


This factor does not influence the calculated altitude 
by more than 0*3 per cent. For English latitudes 
the effect is 0*1 per cent, the corrective factor I) being 
less than unity. 

(E.) Corrective Factor for Variation of Gravity with 
Height above Mean Sea -level . — 

If g 0 = value of gravity at sea-level in a given 
latitude, 

Qhx = value of gravity at height h x in a given 
latitude, 

— value of gravity at height h 2 in a given 
latitude, 

R = radius of earth in metres, 

-«> (s5q) " ~ tI ! ) 

with sufficient accuracy, and similarly 


(7/12 



therefore the mean value of gravity between heights 
7q and h 2 




and the corrective factor 


D : 


1 + 


h x +Ao \ 
637 i 1 04 / * 


R being taken as 0371104 metres. The effect of 
this factor is about 5 ft. on altitudes up to 10,000 ft 

(F.) The formula is logarithmic on account of the 
assumption that the temperature of the air column 
is constant between the two stations. (Gravity is 
also assumed constant.) 

The justification of these assumptions has already 
been considered in § ( 10 ) (i. ). 

If heights are expressed in feet, the value 
of the constant corresponding to 18400 
becomes 603(38. 

Further, if a mean atmospheric temperature 
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50° F. is assumed, as has usually been, the 
practice in England, in graduating the scales 
of height indicators, the international formula 
becomes 

h ~ hx = 62579 log 10 %>■ (feet), 

Jf 2 

as a simple modification without introducing 
such refinements as the corrections for gravity 
and humidity. 

(iii.) The Measurement of Heights in Practice . 
— Provided the barometer does its part 
faithfully, the determination of heights by 
this means is an operation which depends 
primarily on a knowledge of the distribution 
of temperature throughout the atmosphere, 
and secondarily on the humidity of the air. 
The latter factor is usually neglected. 

The atmospheric temperature at any given 
height is so variable that it is impossible to 
lay down a numerical relation between heights 
and pressures which is more than approxi- 
mately true in general. 

(a) Basis of Height Scales in England . — In 
adapting the barometer to measure altitudes 
by means of a height scale instead of (or hi 
addition to) a pressure scale, some numerical 
relation must be chosen as the basis of conver- 
sion from pressures to heights. The relation 
first adopted was given by the late Sir George 
Airy, Astronomer Royal, in 1867, and is still 
known as Airy’s Table. 1 

It served as the basis of graduation of the 
height scales of aneroid barometers used for 
surveying or mountaineering purposes. Mer- 
cury barometers were not used in this way for 
direct indication in height units. 

Airy’s table was confined to a range of 
heights of 0 to 12,000 feet, and was based on 
the supposition that the mean atmospheric 
temperature between any two given heights 
was 50° F. No information was given ( loc . 
cit.) as to the values of the constants from 
which the table was calculated, but its basis 
can easily be shown to be the logarithmic 
formula : 

h 2 - /<! = 62759 x log 10 Pl (feet). 

P 2 

It appears that Airy, in using the logarithmic 
constant 62759, assumed an average value of 
the humidity of the atmosphere, since the 
heights given by his table are about 0-3 per 
cent higher than they would have been on the 
assumption of a dry atmosphere. 

The predominating influence of atmospheric 
temperature on the accuracy of height deter- 
mination was recognised by Airy, who added 
to his table instructions for correcting the 
height for deviation of the observed tempera- 
ture from the assumed value, 50° F. 

With the development of aviation came a 

1 Proc. Brit. Met. Sac. iii. 406. 


demand for height-measuring instruments. 
Clearly, a mercury barometer was impracti- 
cable, and accordingly the aneroid barometer 
was used, its pressure scale being replaced 
by a scale of heights, from which it became 
known as an altimeter aneroid. Though at 
first, in the more experimental stages, the 
altimeter scale may have been based on Airy’s 
table, a rather different standard basis of 
graduation was adopted by the Government 
for English altimeters. This is shown in the 
following table : 

Table VIII 

Basis oii' Graduation of English Altimeter 
Aneroids 


Pressure. 
(Indies of 
Mercury.) 

Corresponding 

Altitude. 

(Feet,) 

Pressi! re, 
(Indies of 

M ercury. ) 

Corresponding ! 
Altitude. 
(Feet.) 

33*390 

— 3000* 

17-863 

14,000 

32*183 

-—2000 

17-217 

15,000 

31*021 

-1000 

10*596 

16,000 

29*900 

0 

15*996 

17,000 

28*820 

-HlOOOf 

15*418. 

18,000 

27 779 

2000 

14*861 

19,000 

26*775 

3000 

14*324 

20,000 

25-807 

4000 

13-807 

21,000 

24*875 

5000 

13*308 ; 

22,000 

23*977 

6000 

12-827 

23,000 

23*111 

7000 

12*364 

24,000 

22*276 

8000 

11*917 

25,000 

21*471 

9000 

11-487 

26,000 

20*695 

* 10,000 

11*072 

27,000 

19-948 

11,000 

10*072 

28,000 

19*227 

12,000 

10*286 

29,000 

18*533 

13,000 

9*915 

30,000 


* Descent. f Ascent. 


Notes. — 1 . The mean temperature of the atmosphere 
over any Riven range of altitude has been taken as 
50° ]?. (10° C.). 

2. The zero of altitudes has been arranged to 
correspond to the pressure 29-900 in. 

3. Pressures are given in terms of inches of mercury 
at the same temperature and gravity. 

4. The above table is based on the formula : 

H a — Hh = 00368 x 2^3 x log 10 g 
( =62579 x log 10 g), 

where T, the mean atmospheric temperature between 
two given stations, has been taken as 283° abs. (50 n F,), 

Pi being the pressures! at the lower and upper 
Hi II 2 being the altitudes J stations respectively, 

T being expressed in absolute degrees. 

This is the simplest approximation to the complete 
formula adopted in the old International Meteorological 
Tables . 

5. The above table should not be confused with 
Airy’s Table of Altitudes which is still generally used 
in graduating surveying aneroids, Airy’s table makes 
an allowance for the moisture content of the atmo- 
sphere, and therefore gives altitudes which are 
greater than those shown above by about 3 feet per 
1000 feet. 

(!>) Basis of Graduation of Altimeter Scales 
in Other Countries . — In the United States the, 
mean atmospheric temperature, 50° has 
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also been taken as the basis of graduation of 
height scales. The formula adopted there 
is not, however, quite the same as in this 
country, since a different allowance has been 
made for atmospheric humidity. 

In European countries where the metric 
system is in vogue, it has been customary to 
graduate height scales on the supposition of 
a mean atmospheric temperature 0° C. This 
basis cannot, however, be said to represent 
universal practice on the Continent. 

§ (17) Atmospheric Conditions. (i.) 
Errors of the Readings of Altimeters due to 
Variations of Temperature of the Air . — Of all 
sources of errors to which the indications of 
altimeters, in general, are susceptible, whether 
instrumental or atmospheric, the temperature 
of the atmosphere gives the most trouble, not 
so much on account of its variation with height 
as by reason of its variation at a given height. 

Reference to the altitude formula in § (16) 
(i.) shows that the true height corresponding 
to a given pressure change is proportional to 
the mean atmospheric temperature over the 
height considered, expressed in absolute 
degrees. In view of the fact that the annual 
mean temperature of the atmosphere at sea- 
level differs but little from 50° E, it is clear 
that the higher the altitude, the further does 
the mean atmospheric temperature depart from 
50° E. Consequently the percentage error as 
well as the absolute error in the uncorrected 
indication of the altimeter increases with the 
height. 

In consequence of the actual temperature 
being generally lower than the assumed 
value, the indications of the altimeter are 
usually too high. The pioneer work done 
by W. H. Dines in the investigation of the 
upper atmosphere has enabled satisfactory 
estimates to be made of the probable errors 
of assumed atmospheric temperatures at 
various heights. Working from this informa- 
tion, Dobson 1 has calculated the probable 
errors of the indications of a standard Air 
Service altimeter 2 due to variations in atmo- 
spheric temperature a] one. The diagram (Fig. 
23) is taken from Dobson’s Report, and shows 
the magnitude of this error, at a given height, 
together with the probable frequency with which 
the error lies between given limits. 

The fact that the curves lie almost entirely 
to the right of the line of zero error, i.e. in 
the direction corresponding to too high an 
altimeter reading, illustrates the point that 
the fundamental relation between heights and 
pressures based on 50° E as mean atmospheric 
temperature is not only unsatisfactory but 
can be improved upon. 

1 Reports and Memoranda of the Advisory Committee 
for Aeronautics, 1919, No. 610. 

2 with height scale graduated on the assump- 
tion of a mean temperature, 50° E, between any 
two given heights. 


Having regard to the fact that as a general 
rule the aviator has no opportunity to make 
adjustments of his altimeter or to apply 
corrections to its readings whilst in flight, 
it is desirable for the scale of the instrument 
to be designed so that the uncorrected readings 
may be as accurate as possible. This condition 



Too Low •*? >~Toa High 

Altimeter Error (feet) due to Atmospherio 
Temperature 

Fig. 23. 

is secured by making it conform to average 
conditions. 

By choosing the relation which has been 
found empirically to represent actual atmo- 
spheric conditions on the average, and making 
it the basis of graduation of height scales, the 
altimeter could be improved in so far that, on 
the average, its indications would be correct, 
though individual readings would ex-r on either 
side of the correct value according to the 
atmospheric conditions. 

For the sake of comparison. Fig. 24 (also 
taken from Dobson’s Report) shows for various 
heights the probable distribution of errors 
in the indications of a hypothetical altimeter 
with its scale graduated on the basis of the 
average corresponding values of height and 
pressure, as found empirically by Dines (see 
Table IX.). It will be observed that while the 
range of error at a given height is the same 
in Figs. 23 and 24, the average error in Fig. 24 
is zero. 
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Table IX 

Temperature in Degrees Absolute Centigrade, Pressure in Millibars, and Density 
in Grammes per Cubic Metre at Different Levels 


Height 

in 

Kilometres, 

England, S.E. 

Europe. 

Canada. 

Equator. 

T. 

P. 

D. 

T. 

P. 

D. 

T. 

P. 

D. 

T. 

P. 

D. 


a. 

mb. 

g/m 3 . 

a. 

mb. 

g/m 3 . 

a. 

mb. 

g/m 3 . 

a. 

mb. 

g/m 3 . 

20 

219 

55 

87 

219 

55 

87 

214 

54 

88 

193 

53 

91 

19 

219 

64 

102 

219 

64 

102 

215 

63 

102 

193 

63 

113 

18 

219 

75 

119 

219 

75 

119 

214 

74 

121 

193 

75 

135 

17 

219 

88 

139 

219 

88 

139 

211 

87 

144 

193 

90 

162 

16 

219 

102 

162 

219 

102 

162 

211 

102 

169 

195 

107 

191 

15 

219 

120 

191 

219 

120 

191 

211 

120 

198 

198 

128 

225 

14 

219 

140 

223 

219 

140 

223 

212 

142 

233 

203 

152 

261 

13 

219 

164 

261 

219 

164 

261 

214 

167 

268 

211 

178 

294 

12 

219 

192 

305 

218 

192 

307 

216 

195 

314 

219 

209 

331 

11 

220 

224 

355 

219 

225 

358 

219 

228 

365 

227 

244 

374 

10 

222 

261 

409 

222 

262 

411 

223 

266 

415 

235 

283* 

419 

9 

228 

303 

463 

227 

305 

467 

229 

309 

470 

243 

327 

469 

8 

234 

352 

524 

233 

353 

528 

236 

358 

528 

251 

376 

522 

7 

241 

407 

589 

241 

408 

592 

243 

413 

592 

258 

430 

581 

6 

248 

469 

658 

248 

470 

661 

251 

475 

662 

265 

491 

645 

5 

255 

538 

735 

2S5 

538 

735 

258 

543 

733 

272 

558 

714 

4 

2G2 

615 

819 

2(51 

614 

819 

264 

618 

815 

279 

632 

789 

3 

268 

699 

909 

267 

699 

913 

270 

703 

905 

285 

713 

871 

2 

273 

795 

1014 

272 

794 

1017 

275 

798 

1011 

290 

803 

968 

1 

278 

900 

1128 

277 

899 

1128 

278 

903 

1134 

295 

903 

1067 

0 

2S2 

i 

1014 

1253 

281 

1014 

1258 

282 

1017 

1258 

300 

1012 

1174 


Metres. Metres. 

± 45 at 3000 altitude 
± 95 at 6000 
± 150 at 9000 


The figures for Canada above 15 km. are somewhat doubtful, and for the Equator very doubtful, owing 
to paucity of observations. 

For further information, see the Computer's Handbook , also Geophysical Memoirs, No. 13, published by the 
Meteorological Office, London. 

On this hypothetical basis the probable 
error of the indications of the altimeter due 
solely to variations of atmospheric temperature 
would be : 

Feet. Feet. 

± 150 at 10,000 altitude 
± 320 at 20,000 
± 500 at 30,000 

Note , — The chance that the probable error will be 
exceeded is equal to the chance that it will not be 
exceeded. 

While the adoption of such a new scale 
would doubtless improve the average accuracy 
of the indications of the altimeter, the utmost 
accuracy in the case of individual readings 
can only be obtained by correcting the 
indications in accordance with the particular 
distribution of atmospheric temperature on 
the occasion of reading. This would involve 
the use of a thermometer in conjunction with 
the altimeter, together with a computer or 
some means of making the correction for 
temperature. 

In a number of cases in practice, only 
approximate heights are required, and the 
existing altimeter aneroid meets their require- 
ments. In special branches of aircraft work 
greater accuracy is needed, and an altimeter 
graduated on the empirical height - pressure 
relation would he welcomed, even though in 



Atmosp'Jierio Temperature 

Fig. 24. 
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cases where exceptional accuracy is required 
further correction would have to be made for 
variation of atmospheric temperature from the 
average. 

( ii ) The ‘ c Standard 9 5 A tmosphere. — While 
it is recognised that the time has come for 
the scales of new altimeters to conform with 
average atmospheric conditions, it is not yet 
agreed how best to represent the average atmo- 
sphere. International agreement on a common 
basis would be desirable wherever practicable. 
For England the average atmospheric con- 
ditions of temperature differ but slightly from 
those for Middle Europe, but for countries in 
low latitudes a different basis would be called for. 

In choosing the best basis of graduation, 
either a table of empirical values of correspond- 
ing heights and pressures or an algebraic 
formula may he used. As far as accuracy 
is concerned there is little to choose between 
the alternatives, since a simple formula can 
be made to express the average facts with 
sufficient accuracy. A formula, however, has 
distinct advantages for interpolations, and 
has been suggested as a basis of altimeter 
scales in preference to a table. 

Two such formulae have already been put 
forward, and have received international 
sanction. The first is Soreau’s formula — 

2 = (15320+ 8-65P- 0-0055P 2 ) log 10 7 |°, 

where z is the required height in metres, and 
P the pressure in millimetres of mercury. 

This formula 1 lias been adopted by the 
Federation Aeronautique Internationale in 
1919, and is the basis of tables issued by that 
body and accepted by the Royal Aero Club of 
Great Britain. 

Toussaint, 2 on the other hand, has suggested 
the exponential formula — 

P 2 _ /288 - 0-00652\ b - 25(5 
P 0 288 ) ’ 

where P 2 , like P 0 , is the pressure in millimetres 
corresponding to z metres height ; 
and 

P 0 is the pressure at the zero of heights. 

This formula is based on the linear law of 
vertical gradient of atmospheric temperature 
given in § (16) and defined by 

T = 288 - 0-00652, 

where T is the temperature, in absolute 
degrees, at height 2 metres, the temperature 
at sea-level being taken as 288° abs., for if we 
write 

T = T 0 -/3 2 , 

we find — = f— °r,, -~Yr0, 

Po \ T 0 J 

1 Comptes Rendns, Dec. 1919, elxix. 1023. 

2 Met. 59, Advisory Committee for Aero?iautics , 

Dec. 1919. 


which, on substituting the numerical value, 
gives Toussaint’ s formula. 

Both Soreau’s and Toussaint’s formulae 
make no pretensions to the highest accuracy, 
but are designed to represent the average 
conditions in the simplest way. F. J, W. 
Whipple 3 has discussed them in detail, and 
has suggested a somewhat modified Toussaint 
formula — 



0 - 0065 ^) 5*256 

285 


as being the best to employ as basis in the 
graduation of altimeters. (Note . — In this 
formula the pressure P is measured in milli- 
bars, the value at sea-level being taken as 
1015 mb.) 

The whole matter is at present under 
consideration both by the Meteorology and 
Navigation Sub - Committee of the Aero- 
nautical Research Committee, and by the 
British Engineering Standards Association. 
At the time of writing no new specification 
has been issued for the graduation of altimeter 
scales. Although it seems possible that a 
new altimeter scale may be established in the 
near future for the general use of aviators, 
special cases may arise where a knowledge of 
the altitude is required with greater accuracy 
than that given directly by a new altimeter 
scale. In such cases an appropriate correction 
should be applied for the deviation of actual 
conditions from average conditions. Alterna- 
tively, the altimeter may be replaced, or 
supplemented, by an aneroid barometer, and 
the height calculated from readings of the 
pressure together with any temperature obser- 
vations that may have been taken during the 
flight. Whipple ( loo . cit . ) has given tables for 
this purpose. 

The basis of graduation of altimeter scales 
has also been considered at some length by the 
Air Ministry in a report 4 entitled “ The Meas- 
urement of Height by Aneroid Altimeter.” 
Instrumental methods of correcting the scale 
readings of the present-day altimeter for 
changes of atmospheric temperature are also 
discussed in this report. 

§ (18) Instrumental, Considerations. 

(i.) Adciptatio?i of the Aneroid Mechanism to a 
Uniform Scale of Heights. — Fig. 25 shows the 
dial view of a normal altimeter aneroid 
accepted by the Government for use in the 
Air Service. The instrument has an adjust- 
able zero, i.e. the dial is capable of rotation 
by thumbscrew so that the zero of heights 
may be brought opposite the indicator needle 
at the commencement of a flight. At the 
same time the dial is stiff enough not to be 
adversely affected by vibration of the aircraft. 

Because the zero is adjustable, the gradua- 

3 Met, 71, Aeronautical Research Committee. 

4 Met . 104 (1921), Aeronautical Research Committee t- 
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tions on the dial must be uniformly spaced, 
otherwise the altimeter would give inconsistent 
values of the height difference. 

The arrangement of the lever mechanism of 
an aneroid so as to yield an equi-spaced scale 



Fig. 25. 


of heights can be satisfactorily performed in 
the average instrument. Its principle is the 
same fundamentally for both indicating and 
self-recording altimeters, and can be under- 
stood on reference to the diagram, Fig. 26, 
which shows in a simple form, in elevation, 
the lever system of magnification usually 
adopted in altigraphs. 

FE shows the pen lever, F being the pen- 
point. E represents the end view of what is 



Fig. 25. — Lever Mechanism of Altigraph 
(not drawn to scale). 

known as the regulator in aneroids, DE being 
an arm of the regulator, linked up through 
the arms CD and ABC to the vacuum -boxes 
V. A, C, and D are pin-joints which move 
with the operation of the mechanism, B and 
E are fixed, except that usually an independent 
slow motion of B upwards and downwards 
is provided by a thumbscrew for the purpose 
of adjusting the pen to read zero altitude 
when required. 

Note . — The arm ABC is free to turn about B, while 
the pen lever FE and the arm ED are free to turn 
together about E, the angle FED being constant. 

The response of the vacuum -box to changes 
of pressure imparts a vertical motion to A 
(and therefore to C) very nearly proportional 
to the change in pressure. The amount of 
movement of A and C in the horizontal 


direction is small. For all changes of pressure 
over a considerable range, equal increments 
of pressure impart equal amounts of rotation 
to the arm ABC, but will not generally corre- 
spond to equal angular movements of the 
arm ED. 

If ED is horizontal and its range of move- 
ment small, approximately equal angular 
movements will be obtained corresponding to 
given equal pressure changes, and consequently 
a uniformly spaced scale of pressures can be 
obtained. This is the case in the barograph 
illustrated in Fig. 22. The approximately 
horizontal position of the regulator arm (corre- 
sponding to DE) in this illustration should 
be noted. 

Usually the arm DE is short, and its angular 
movement often ranges over 30° or 40°. 
Hence, on account of the relatively large 
movement of D in circular motion, the rate 
of angular movement of DE with change of 
pressure will increase considerably as DE 
passes from the horizontal to the vertical 
position. In this way twofold or even three- 
fold magnification can be obtained at dimin- 
ished pressures compared with the correspond- 
ing magnification at the initial pressure. A 
study of a table of sines or cosines will give 
an impression of the scope of variation of 
magnification by this means. It should be 
observed that on the basis of graduation used 
for height scales, a change of atmospherics 
pressure of I inch of mercury corresponds to 
about 

900 feet at ground level (Le. at about 30 
inches pressure), 

1350 feet at 11,000 feet altitude (Le. at 
about 20 inches pressure), 

2700 feet at 30,000 feet altitude (i.e. at about 
10 inches pressure). 

In short, the height equivalent of 1 inch 
of mercury varies inversely as the pressure, 
whereas the variation of magnification of the 
lever mechanism is largely a cosine function. 
Although it is easy to select two angular 
positions of DE giving the correct relative 
magnification corresponding to the initial and 
maximum height, the magnification obtained 
in intervening positions may not correspond 
sufficiently with that required by the height- 
pressure relation. General ly speaking, th in 
arrangement of the system of magnifying 
levers has been worked out satisfactorily in 
the trade, though largely by method of trial 
and error, both for altigraphs and altimeters. 
In the latter case, the lever system is illus- 
trated by Fig. 27. The arrangement of the 
magnification is largely dependent on the 
length and angular position of the arm Dill 

In cases where the circular motion of a 
single arm through a considerable range does 
not give the desired results at all parts of the 


184 


BAROMETERS AND MANOMETERS 


scale, some improvement may Tbe obtained by 
combining the variation of magnification 
produced by two such angular movements* 



3?IG. 27. — Altimeter Mechanism (not drawn to scale). 

The most satisfactory way to solve the 
magnification problem for a number of aneroids 
of different ranges and sizes is to make a 
large-scale model of the lever mechanism and 
find experimentally the requisite lengths of 
levers and their angular positions correspond- 
ing to the specific problems to be solved. A 
model lever mechanism, say twenty-five times 
the normal aneroid dimensions with arms of 
adjustable lengths, might well he used not 
only as an illustration* hut as an accurate 
measure of the relation between the final 
aneroid reading and the amount of movement 
of the vacuum -box. 

(ii.) Note on the Adjustment of the Zeros of Altigraphs 
and Altimeters . — In the type of lever mechanism 
illustrated in Fig . 26, it should be noticed that when 
the altigraph indicates zero height the angular 
position of the arm DE and the magnifying power 
of the mechanism are fixed* In order to satisfy the 
logarithmic height-pressure relation, the magnifica- 
tion must vary inversely as the pressure, i.e. the 
magnifications of the mechanism at the pressures 
29, 30, and 31 in. must be 4 % : Hence 

strictly the zero of altitudes on the chart can 
correspond to only one pressure, and a definite 
convention should he adopted for setting such 
instruments without violating this principle. This 
is a point which seems to have been overlooked in 
the designing of some altigraphs. The arrangement 
whereby the initial height reading cannot he adj usted 
without altering the angular position of the 
mechanism is unsound in principle. It would be 
desirable to mark opposite the height zero of an 
altigraph the corresponding pressure for which the 
instrument is adjusted. 

In the case of an indicating altimeter aneroid, 
zero reading is obtained at the commencement of a 
flight by rotating the dial. This does not interfere 
with the magnifying power of the mechanism. 
Consequently the accuracy of the altimeter readings 
should bq independent of the actual pressure at the 
starting-level, to within small limits in a carefully 
made instrument. 

(iii.) Effect of Changes in the Internal 
Structure of the Metal of the Vacuum-box.— 
In a perfect aneroid the exact relative posi- 
tions of the component parts of its mechanism 
at a given fixed pressure would be permanently 
fixed. 

The vacuum-box is not, however, a perfectly 
elastic structure. Small departures from its 
initial condition take place, which in the course 
of time accumulate. As a result, the position 


of the regulator arm DE of the mechanism 
(j Fig. 27) is not wholly permanent for a given 
pressure, and a small and probably progressive 
change of magnification takes place in course 
of time. This secular change is more important 
in an altimeter than in an aneroid barometer. 
In the latter, the magnification is usually at 
least approximately uniform over the working 
range of pressure, whereas it is arranged to 
vary up to two- or even three-fold in the alti- 
meter. It is usual in specifying altimeter 
aneroids to arrange that the indicator needle 
shall be vertical (the dial being vertical) when 
the atmospheric pressure is 29-90 in. of 
mercury. 

In this way altimeters in which consider- 
able secular changes have taken place since 
their manufacture can be detected and re- 
turned to the instrument makers for readjust- 
ment and overhaul. 

In the case of aneroid barometers, the effect 
of a secular change on the relative accuracy 
of the scale values is not so marked, and the 
reading may be regulated froxn time to time 
by means of the setting screw at the base of 
the instrument after comparison with a suitable 
standard, say a reliable mercury barometer. 

(iv.) Errors due to “Creep” or Hysteresis.— 
(The nature of these errors has already been 
discussed for aneroid barometers. Sec § (13).) 

The British Government specifies a certain 
standard of quality of aneroid mechanism in 
respect of hysteresis. The criterion of tl\is 
quality is the average difference (or else the 
individual differences) between the errors of 
the rising and falling indications of the alti- 
meter at each 1000 feet of altitude. The 
following table shows the maximum values 
permitted. They refer to hypothetical flights 
made with altimeter aneroids under laboratory 
conditions of test, i.e. at a given rate of ascent 
and descent, without spending any consider- 
able time at the summit of flight. 


Table X 


Xominal Kange of 

Alti mete i*. 

Maximum Per in mi bio Value of 
the Average Difference between 
tbe Errors (falling lean rinitiK 
Indications) of the Altimeter at 
each 1 000 Feet of Altitude, 

Feet. 

Feet. 

0-10,000 

4" 140 

0-20,000 

-■p 360 

0-30,000 

•4-720 


Note . — In comparing the performances of altimeter 
and barometer aneroids it should he remembered 
that the height-equivalent of a given pressure change 
is about three times as large at 30,600 ft. altitude as 
at sea-level. 

The above figures represent average values 
over the whole range of flight indicated. On 
return to starting-level, the residual error is 
smaller than this average. 
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The following figures correspond to the same 
standard of quality of the aneroid mechanism 
as that indicated by Table X. 


Table XI 


Range of Flight. 

(No protracted Stay at 
Summit.) 

Error of Altimeter, 
immediately on return to tlie 
Starting-level. 

Feet. 

Foot. 

0-10,000 

-I- 90 

0-20,000 

+ 1G0 

0-30,000 

-1-250 


Motes.— 1. The above figures refer to laboratory 
conditions of test in which the pressure at 0 ft* 
altitude is the same at the commencement and 
completion of the flight. They may be taken as 
representing the maximum residual hysteresis effect 
on return to starting-level after a steady flight, 
without protracted stay at the summit, or steep 
descent to ground. 

2. In the course of a prolonged stay — e.g. one hour 
or more — at the summit of flight, the indications of" 
the altimeter would undergo a considerable amount 
of gradual creep, part of which is present temporarily 
on return to starting-level. 

3. Tests made on standard-pattern altimeters of 
different makes indicate that the residual error on 
return to starting-level after a llight to 10,000 ft. 
altitude may be as large as 

150 ft., corresponding to a stay of 1 hour at 10,000 ft. 
200 ft. corresponding to a stay of 1 day at 10,000 ft. 

It should be observed that an. altimeter 
nearly always reads too high on return to 
staining - level ; and in view of the above 
figures, the instrument cannot be used to give 
accurate heights near ground-level in order to 
assist the air-pilot in landing. In fact, the pilot 
would already have reached land before his 
altimeter indicated a return to starting -level. 

Even if the residual error were small, or if 
an allowance for it were practicable, the pilot 
would require to know the difference between 
his starting- and landing-levels, and also the 
change of ground-level pressure during flight, 
before the altimeter could be relied upon to 
assist him in landing. 

(v.) Other Instrumental Errors . — (See also 
§ (13) under C£ Aneroid Barometers.”) 

The indications of altimeters are subject 
to some uncertainty owing to the vibration 
of aircraft. The error involved is likely to 
vary with the type of machine flown, and it 
is difficult to specify for an altimeter a vibra- 
tion test that will cover all errors of this 
nature that may occur during flight. 

(vi.) Mercury Altimeter Gauges . — In general, 
aneroids are tested and calibrated by com- 
parison with a standard mercury gauge. In 
the case of altimeter aneroids for aircraft 
purposes, which are usually made without a 
scale of pressure, the calibration work has 
been much facilitated by making mercury 
standards graduated in heights following the 
same height - pressure relation as that laid 
down for the aneroid instruments. 


Such a mercury standard is essentially a 
“station” instrument — he. it measures hypo- 
thetical heights — -and is not itself moved from 
one height to another. 

In the workshop and test laboratory, 
altimeter aneroids are set up inside a vacuum 
chamber to which a standard mercury alti- 
meter gauge is connected, and checked by 
means of comparison readings made at various 
artificial pressures. 

The mercury altimeters suffer from the 
disadvantage that their scale divisions are 
of necessity not equi-spaeed. Consequently a 
vernier cannot be used to read off fractions 
of a subdivision. This has to be done by 
estimation, or else the pressure must be slowly 
adjusted so that the mercury is exactly 
opposite a scale division mark. 

On the other hand, these mercury altimeters 
give correct hypothetical height differences 
independently of the temperature at which 
they are used, for owing to the logarithmic 
nature of the height scale the change in 
height indication, corresponding to a given 
change of temperature of the instrument, is the 
same for all heights. If the design of such 
an instrument permitted of its being used for 
mountain climbing, it would be necessary to 
correct the mercury column at each observa- 
tional station to a standard or reference 
temperature before heights could be read off. 

VII. Manometers 

(Excluding high - pressure manometers, 
micromanometers, and gauges for measuring 
high vacua, which are referred to in the 
articles on “Pressure, Measurement of,” Vol. I., 
and “Meteorological Instruments ” in the 
present volume.) 

§ (19). — A manometer may be regarded as 
an instrument for measuring the difference 
between two pressures which occur simul- 
taneously, and may be either naturally or 
artificially controlled. The barometer, as 
generally understood, is a particular case of a 
manometer in which one of the two pressures 
is zero. 

In manometry, as in barometry, the 
fundamental hydrostatic principle in general 
use is that of balancing the gas or vapour 
pressures against the weight of a column of 
liquid whose height is taken as a measure of 
the difference of the two pressures acting at 
the ends of the liquid column. 

All liquid manometers of the range included 
in the scope of this article are of the U-tube 
(siphon) type, or some simple modification of 
it. Aneroid manometers — i. e. those instru- 
ments which arc not of the liquid type — are 
dependent on liquid manometers for their 
standardisation. 

Provided that the density of the liquid 
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employed is known, and also the local value 
of gravity, accurate manometry is a question 
of accurate cathctometry in the measurement 
of the height of the liquid column. 

In a large number of cases, the magnitudes 
of the pressure differences to be measured by 
the manometer are considerably smaller than 
the normal atmospheric pressure, so that there 
is a choice of liquids in manometry, though 
mercury is generally the most suitable. 

There is a wide and varied field for the 
use of manometers. Chemical and physical 
conditions governing the measurement of gas 
and vapour pressures often limit the design 
of the instrument and the nature of the 
manometric liquid used. In a few cases the 
use of liquid is inadmissible, and an aneroid 
manometer becomes essential. 

A variety of types of manometer will be 
considered, commencing with the simpler and 
more fundamental designs. 

(i.) The Simple U - tube (Siphon) Mano- 
meter. — The simple siphon manometer is so 
familiar that it hardly needs discussion in this 
article, except as regards its use when measure- 
ments of high precision are required (§ (20)). 

With the exception of certain modified 
designs used for small pressure differences, the 
siphon type of instrument suffers from the 
drawback that the liquid-level has to be read 
in each limb of the siphon before the pressure 
is obtained. Consequently, unless the pressure 
is either stationary, or varying slowly and 
uniformly with the time, a limit is set to the 
resulting accuracy owing to changes of pressure 
which may take place during the interval 
between the reading of the two liquid-levels, 
especially if a thermostat is not employed. 
The form of the siphon manometer has been 
modified so that only one liquid level need be 
read, the scale being calibrated, at static 
pressures or under conditions approaching 
static as nearly as possible, by means of a 
reference standard mercury manometer. 

(ii.) Modifications of the Simple Manometer , 
using One Liquid only . — Figs . 28, 29, and 30 
illustrate some slightly modified instruments 
in which either mercury or other suitable 
liquid may be used. In form they are similar 
to some of the types of mercury barometer 
described for measuring atmospheric pressures, 
except that the manometer tube is open at 
the top. They can be used to measure pressure 
differences up to 800 mm., or more, without 
becoming cumbersome to manipulate. 

All three types shown correspond in prin- 
ciple to the Kew pattern barometer (§ (3) (iv.)), 
i.e. only one meniscus-level is read in each 
instrument, the reservoir being made cylin- 
drical so that the change in level of the liquid 
in the tube is proportionate to the change 
in pressure to be measured. Each instrument, 
therefore, requires a uniformly spaced scale. 


contracted to an amount depending on the 
relative dimensions of the reservoir and tube. 
By making the diameter of the reservoir very 


Flos. 28, 29, and 30. 

large compared with that of the tube, the 
movement of the liquid in the index tube is 
very nearly l in. per 1 in. change of pressure, 
whereas in the simple siphon manometer with 
uniform bore of tube throughout, a change in 
pressure of 1 in. would result in a change of 
half an inch in the liquid level in each limb of 
the instrument. 

With mercury as the manometric liquid, 
the instruments shown in Figs , 28-30 could be 
used to give a general accuracy of ±0*05 mm., 
if the tube is of |-in. bore, provided the 
reservoir is of sufficiently large diameter (see 
remarks under § (7) (ii.) (b)). It would be 
necessary to calibrate these instruments by 
comparison with a suitable reference standard 
manometer. 

Of the three types illustrated, errors of 
levelling are minimised in the first, where the 
tube and reservoir are co-axial. This instru- 
ment may be fitted with a scale and vernier 
in much the same way as a meteorological 
mercury barometer, but would not give 
indications near zero owing to the nature of 
the reservoir. The other two instruments 
could be graduated down to zero, but would 
require careful levelling. The third mano- 
meter (Fig. 30) embodies a modification, 
suggested by Menard. 1 There is a trap at 
each end which prevents the escape of liquid 
when the instrument is inverted. Menard 
has made the liquid traps with narrow orifices 
so as to impede the flow of the air or gas 
through them, thus damping the oscillations 
of the liquid consequent upon sudden pressure 
changes ; but this object may be attained in 
all three instruments by suitably constricting 
the lower part of the tube. Whenever con- 

1 Comptes Mendus , 1920, clxxi. 1129. 
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striction is resorted to, great care should be 
taken to keep the instrument clean so that 
the constricted portion does not become 
stopped up with dirt or sediment. 

If the liquid used in the manometer is not 
mercury, its level is determined by reading 
the bottom of the meniscus (instead of the 
top when mercury is used). In reading liquid- 
levels the meniscus should be suitably shaded so 
as to appear black against a white background. 

(hi.) Modifications of the Siphon Manometer 
for Measuring Small Pressure Differences . — In 
the direction approaching micromanometry 
the simple siphon manometer has been modified 
so as to measure small pressure differences — 
e.g. from 0 to 30 mm. of mercury — with high 
precision. The design is based on the prin- 
ciple of the tilting U-tube developed by Lord 
Rayleigh 1 and others. In its original form 
this instrument contained two fiducial points, 
one in each axis of the two limbs of the gauge, 
and was mounted so as to admit of being 
tilted by a measured amount in the vertical 
plane containing the two points. 

By tilting the manometer and adjusting 
the amount of mercury in it, simultaneous 
contact can be made between the mercury 
in each limb of the instrument and the re- 
spective points. 

From the measured inclination, together with 
the previously determined distance between 
the two fiducial points, the difference of level 
of the two liquid surfaces can be obtained. 

Provided that the two points are sufficiently 
far apart, the accuracy of this type of mano- 
meter is limited only by the accuracy of 
setting a liquid level to a point (see § (5) (ii.), 
in connection with the same problem in baro- 
metry), for the amount of tilt given to the 
instrument is capable of far better propor- 
tionate accuracy. 

Rayleigh’s tilting mercury manometer was 
proved to measure with an accuracy of i JC V <7 
of a millimetre of mercury, pressure differences 
ranging from 0 to 1*5 mm. 

The tilting manometer is by no means 
limited to this small range. Scheel and 
Heuse 2 have modified the instrument so as to 
measure pressure differences up to 5 mm. of 
mercury with the same accuracy, viz. 
mm., and in another instrument (loc. cit.) have 
succeeded in raising the upper limit of measure- 
ment to 30 mm. without loss of proportionate 
accuracy. 

The principle of the tilting liquid manometer 
has been widely adopted, especially for accurate 
work in the measurement of air-speeds in 
aerodynamic laboratories. Instruments de- 
signed for this purpose are rather to be 
regarded as micromanometers. For this 
work the use of fiducial points as level indi- 

1 May. Sac . Phil. Trans . A, 1901, excvi. 205. 

8 Zeits. Instrumentenk 1909, xxix. 344-349, 


cators is tedious, and an exceedingly useful 
sensitive indicator has been developed by using 
the movement of the meniscus separating two 
liquids in a manometer as a means of bal- 
ancing the pressure difference between the 
limbs of the instrument. 3 

(iv.) Other Precision Liquid Manometers . — 
The accurate use of a manometer is of the 
utmost importance in many experiments of a 
fundamental nature in the determination of 
physical constants. In some cases the final 
accuracy of such experiments is limited by the 
precision obtainable from the manometer. 
Owing to different conditions regulating the 
use of manometers in these cases, e.g. magni- 
tude of pressure range, temperature of 
manometer, etc., it is impracticable here to 
give a detailed account of the various mano- 
meters used and the method of reading them. 
The following is just one of many examples 
of important work involving the use of a 
manometer with high precision. 

(a) Manometer with two Liquids moving in 
Limbs of Different Diameter.— Fig. 31 illus- 
trates the main outline 
of a manometer used by R |] [j 
Jaeger, 4 in which pressure 
differences were measured 
with an accuracy of ± 0-005 
mm. of mercury. 

The instrument illus- X---I 
trated has a range of 30 
mm. of mercury, but 
admits of extension to 
measure higher pressures. 

The primary object of 

Jaeger in using this type y 

of manometer was to 
avoid reading two liquid 
levels, as in the simple 
mercury siphon barometer, Figl 31. 

a procedure which may 
be very troublesome with a varying pressure. 

Octane and mercury were used with this 
manometer, the specific gravity of the latter 
liquid being twenty times that of the former. 
The use of mercury was dictated by chemical 
considerations. Actually, as will be seen latex', 
the presence of a second liquid does not improve 
the sensitiveness of the manometer. 



Let A = the area of cross-section of each cylindrical 
bulb. 

a = tlie area of cross-section of the index tube. 
a; = tlic level of the lighter') 
liquid in the index tube 
y=^the level of the heavier 
liquid in the left bulb / 
z =* the level of the heavier I 


measured above 
any given refer- 
ence level. 


liquid in the right bulb J 
Pi = the density of the lighter liquid. 
p 2 “ the density of the heavier liquid. 


a “ Pressure, Measurement of,** Vol. I, 

4 Iloy. Acad . Amsterdam Proc., 1914, xvii. 12. 
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The pressure difference P measured by the mano- 
meter is 

and by differentiation 

dP = (dx — dy)p x -~-(dz-~ dy)p 2 , 

Assuming constant temperature, the constancy of 
volume of the two liquids in the manometer leads to 

adx=Ady « — A dz. 


dP 

dx 



2a 

Pt+j;P2- 


Case 7. — When the manometer contains one liquid 
only, e.g. the lighter one 



The multiplication factor of the instrument is then 
the reciprocal of the right * hand side of this 
equation, i.e. 


A ps 
-yrxS 
a+A p t 


if pressures are measured in units of mercury. 

Case 77. — For two liquids in the manometer, the 
multiplication factor of the instrument corresponding 
to the movement of the lighter liquid in the index 
tube is 

1 

( 1 — (a/ A)) Pl / p 2 4- 2a/ A* 

As an example, the ratio P o/ Px may be taken as 
approximately 20 for mercury and octane, while if 
the bore of the index tube is 2 mm., and the bore 
of each bulb is 40 mm.. 


a 


A 



1 

~“400’ 


and the value of the multiplication factor in Case II. 
becomes 18*22. In Case I. the corresponding factor 
is 19-95. 

For the two liquids referred to, the multi- 
plication factor can never exceed 20, neither 
can it be less than 10, the minimum value 
corresponding to a simple U-bube of uniform 
bore throughout. 

For further details of the working of this 
type of manometer, together with the method 
and accuracy of reading the index level, refer- 
ence should be made to Jaeger’s paper. 

The length, 600 mm., of the index tube 
permits of pressure differences lip to 30 mm. 
of mercury being used. 

By increasing the length of the bulbs, the 
manometer can be modified so as to measure 
larger pressure differences without, however, 
increasing the range of measurement, which 
is limited by the length of the index tube. 
In this case the amount of liquid in the 
instrument has to be arranged so that the 
octane just begins to rise in the index tube 
when the pressure to be measured is approach- 
ing attainment. This idea may be extended 


to give a manometer of tolerably large pressure 
range, with high magnification locally, e.y. at 
one end of the range. 

The manometer should be used by preference 
in a thermostat bath. Failing this, the indica- 
tions of the instrument should be corrected for 
changes in its temperature. The instrument 
may be calibrated either from first principles 
or by comparison under static conditions with 
a standard mercury manometer. 

(v.) The Barometer and Manometer used in 
Conjunction . — In some cases where it is desired 
to measure the pressure of a gas or vapour in 
an enclosure, it is impracticable to do so by 
direct connection of the enclosure with a 
barometer, though a manometer may be 
employed to give the difference between the 
atmospheric pressure and that in the enclosure. 
In such cases the manometer used is supple- 
mented by barometric readings of the atmo- 
spheric pressure. Owing to the frequent use 
of a mercury barometer for laboratory work, 
together with the fact that an accuracy of 
±0-05 mm. can be obtained from it under 
ordinary conditions ( ± 0-03 
mm. in the best cases of 
vernier-read instruments), it 
is frequently convenient to 
use a mercury barometer in 
conjunction with a mano- 
meter which measures re- 
latively small differences of 
pressure, often with a liquid 
of low specific gravity. 

An interesting type of 
manometer which may also 
be used as a barometer is 
shown in Fig . 32. 

The inner bulb contains air 
at approximately atmospheric 
pressure, and is surrounded 
by the manometer liquid, 
which may be pure sul- 
phuric acid or some suitable light liquid with 
a low vapour pressure. The ingenious part 
of the instrument is the method by which the 
level of the liquid in the right-hand limb of 
the manometer is made independent of changes 
of temperature of the instrument by the device 
of balancing the thermal expansion of the 
liquid against the thermal increase of pressure 
of the air enclosed in the bulb. This can be 
done without undxily restricting the choice 
of liquid or making the dimensions of the 
instrument unwieldy. 

Let A and B represent the level of the liquid in the 
manometer tubes when the air pressure p in the 
bulb is equal to the outer atmospheric pressure, the 
temperature being t . Suj^pose that the tubes forming 
the limbs of the manometer are cylindrical and 
equal in bore. 

Let v = the volume of liquid in the instrument. 
If the external atmospheric pressure is assumed 


a! — 

A“ 







Fig. 32. 
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constant for the present, the increments dp, dv, 
corresponding to the thermal change dt , are given by 

dp *=p adt 

sst (n+y)9P> 

where x and y are the supposed changes, AA', BB', 
in the liquid levels in the uncompensated manometer ; 
a is the gas coefficient, 0-00367 ; gp is the weight of 
unit volume of manometrie liquid. 

dv^V/3dt 

=*(x-y)S, 

where ft is coefficient of dilatation of the liquid relative 
to that of the containing vessel, and S is the sectional 
area of the liquid column. 

Hence pajx +y)gp 

vfi (x~~y)& 

If p is measured in terms of the height of the 
manometer liquid and v is measured in terms of the 
equivalent length of manometer tube, 

v(3~~~x— y 

If pa^vjS, the dimensions of the instrument can 
be chosen so that y vanishes, i.e. the level B is 
independent of temperature. 

As an example : 

a — 0-00367 (for air), 

^=0-00057 (for pure sulphuric acid), 

^> = 30 in. of mercury, 

=222 in. of pure sulphuric acid (density 
1-84), 

whence ^ = 1430 (measured in linear inches of 
manometer tubing). 

This condition allows a fair amount of scope in 
choosing the size of the manometer, and the following 
approximate dimensions would be found suitable : 

Diameter of inner cylindrical bulb = l j in. 

Diameter of outer cylindrical bulb =2 J in. 

Length of outer cylindrical bulb =from 3 to 4 in. 

Diameter of manometer tubing in. 

A manometer tube of this bore (2J mm.) 
would be convenient to use in practice, since 
the variations in capillary action of the acid 
in it should be negligibly small. (Note . — The 
capillary elevation is about 4 mm.) 

If reasonably accurate thermal compensation 
has been obtained, the open limb of the 
instrument may be calibrated by comparison 
with a standard mercury barometer. For a 
change in atmospheric pressure equivalent 
to 1 in. of sulphuric acid, the liquid levels 
in the manometer will be changed by J in. 
— very nearly— sine© the effect of external 
pressure changes on the presence of the 
enclosed air is of a secondary order. 

The foregoing instrument is one of several types of 
sulphuric acid manometer, many of which have been 
used by Callendar 1 in his work on air thermometry. 
In some cases a manometer of this kind is used in 
order to avoid the more troublesome method of 

1 See, for example, Phil. Trans. A, 1887, p. 171 ; 
Phil. Trans. A, 1801, p. 126 ; Roy . Soc. Proc ., 1892, 
1.247. 




working from first principles with a mercury 
manometer. 

For work of the highest accuracy, the reader is 
referred to § (9) for an account of a fundamental 
standard mercurial instrument which is virtually a 
combined barometer-manometer (see Pig. 14). 

(vi.) Non-liquid Manometers . — Although, in 
general, mercury is the liquid best suited for 
manometry, it is impracticable to use a liquid 
at all in some cases, such as the measurement 
of pressures of vapours which attack mercury 
and other manometrie liquids, or measure- 
ments in which the experiment requires the 
manometer to be at a high temperature, or 
measurements made on aircraft. 

Consequently, manometers have been de- 
signed on aneroid principles, using the deflec- 
tion of a thin membrane (not necessarily of 
metal) as the means of indicating pressures. 

For the statical determination of vapour 
pressures of many pure substances, and also 
the study of chemical equilibria, a glass or 
quartz manometer is almost indispensable. 

Jackson 1 has described three modifications 
of a glass manometer of a compact nature 
which can be 
used at high tem- 
peratures inside 
chemical appar- fj lN 
atus. These 
consist of one or 
more thin plano- 
convex or con- 
cavo-convex 

bulbs about 1| Fig. 33. 

to 2 cm. in dia- 
meter (see Fig. 33), which change their shape 
when pressure is applied inside or out. The 
extent of this elastic deformation is measured 
by the angular movement of a fine glass 
pointer, which forms a continuation of the 
bulb and is drawn out in the blowing 
operation. 

This manometer is somewhat similar in 
principle to the familiar aneroid barometer, 
but is simpler, both in general construction 
and in the manner of magnifying and reading 
the elastic deformation of the bulb. In one 
of these manometers, Jackson used a pointer 
about 20 cm. long, the end of which was 
read with a microscope. The zero of the 
instrument was found to be unaltered after 
the manometer had been used under a pressure 
difference of 150mm. of mercury; neither 
was it affected by slow changes of temperature 
up to 300° C. 

Other manometers in glass or quartz have 
also been developed, both in this country 
by Gibson 2 and others, and abroad by 
Bodenstein, 3 Preuner, 4 etc. 

1 Chem. Soc. J . Trans., 1911, xeix. (Part L), 1066. 

2 Roy. Soc. Edinburgh JProc., 1013, xxxiiL 1. 

3 JZeits. f. Elektrochem 1909, xv. 244. 

4 JZeits. f. physikal . Chemie , 1913, lxxxi. 129. 
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While the foregoing forms of glass and quartz 
manometers are indispensable for use at high 
temperatures with gases and vapours which 
preclude other types of manometers, the metal 
membrane manometer also has a sphere of use, 
and is capable of yielding an accuracy of J 
to mm. of mercury under favourable con- 
ditions * provided the range of measurement is 
not too large and the instrument is calibrated 
under the conditions in which it is used. The 
instrument is very similar in construction to 
the familiar aneroid barometer, except that the 
diaphragm- box of the latter is no longer a 
vacuum-box in the manometer. 

For short pressure ranges, the diaphragm 
metal can be made very thin (about 0-1 mm.) 
for the sake of increased sensitiveness. 

(a) Use of the Metal Diaphragm Manometer as 
a Sphygmomanometer to measure Blood Pressures . 
— An extremely light and convenient form 

of aneroid mano- 
meter is shown 
full size in Pig . 
34. Essentially 
it consists of a 
diaphragm - box, 
the interior of 
which is not ex- 
hausted as in 
the case of the 
ordinary aneroid 
barometer, but is 
submitted to 
pressure applied at 
the nozzle of the 
instrument. The 
dial is graduated 
in millimetres of 
mercury up to 
300 mm., and 
Fig. $4. indicates the 

excess of pressure 
within the box over the atmospheric pressure 
outside it. 

For medical diagnosis, the instrument is 
used in conjunction with a rubber bag which 
is wrapped around the arm of the patient 
above the elbow directly over the brachial 
artery. The manometer is then attached to 
one of two rubber tubes leading from the 
bag, while an inflating bulb, with valve, is 
attached to the other. This apparatus is 
used with or without a stethoscope for the 
determination of the maximal and minimal 
pressures in the arterial system. 

Originally a mercury gauge was used as 
sphygmomanometer, but this has been super- 
seded by the more convenient and robust 
aneroid instrument. 

§ (20) Methods of beading Manometers, 
and the Resulting Accuracy* Obtainable. 
(See also the corresponding section in § (5) 
referring to barometers.) — To a large extent 



the methods adopted in reading manometers 
are much the same as those applicable to 
barometers. They are summed up briefly 
under the following headings. Owing to the 
somewhat wider scope in the design and use 
of a manometer, greater variety in methods of 
reading it may be expected. 

(a) High-precision Manometry . — When high 
precision is required, the use of a cathetometer 
is in general essential, and the remarks on 
the accurate reading of mercury levels by 
cathetometer (see § (5) (ii.)) are equally 
relevant here. A number of fundamental 
investigations into physical constants have 
been carried out at the Bureau International 
des Poids et Mesures at Sevres, by Chappuis, 
Leduc, etc., and some detailed accounts of the 
manometers used in those experiments appear 
in the publications of the Bureau. 1 

In this connection reference may be made 
to the following experimental determinations : 

(1) The fundamental determination of the 
boiling-point of sulphur. 

(2) The dilatability of mercury (hydrostatic 
method). 

(3) The mass of a litre of air under standard 
conditions. 

In all these experiments, the method of 
reading mercury levels generally requires the 
application of a number of small, but by no 
means negligible corrections, especially when 
the levels are optically measured. Under 
good conditions the final accuracy obtained 
in the measurement by cathetometer of press- 
ure differences up to 1000 mm. of mercury is 
of the order ± 0-005 mm. 

Special Case of a High-precision Manometer 
designed for Use with a Constant Head of Liquid. 
— In many operations requiring high precision, 
the pressure in an enclosed system may be 
chosen at will, provided that it admits of 
accurate measurement. 

For example, in the determination of the 
densities of gases, considerable time may be 
gained by working with a gas under the 
pressure of a given head of liquid. Rayleigh 2 
adopted this plan in one of his manometers. 
The guiding principle was to use a steel rod 
to determine, and also measure, the distance 
between the upper and lower mercury surfaces, 
arranged so as to have the same vertical 
axis. 

The rod contains two fiducial points, the 
distance between which can be accurately 
measured, before using the manometer, by 
comparison with a suitable standard of length. 
This distance determines the head of mercury 
in. the manometer, and a suitable slow adjust- 
ment of the volume and level of the mercury 
in the manometer tube enables both levels to 

* See Travaux et MSmoires Bur . T?it . tome xvi. 
and earlier volumes. 

a Boy , Soc . Prc>c., 1893, liii, 135, 
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be brought just into contact with the upper 
and lower points on the measuring rod. The 
head of mercury being known, the correspond- 
ing pressure can soon be calculated after 
taking into consideration the temperature of 
the mercury. The manometer may be 
surrounded by a water bath if this is 
thought necessary for the accurate measure- 
ment of the mean temperature of the liquid 
column. 

In considering the accuracy obtainable in 
the measurement of pressure by this means, 
the chief limitation is imposed by difficulties 
of temperature measurement. Under good 
conditions an accuracy of ± 0*02° C. should 
be obtained for the mean temperature of the 
mercury, corresponding to ±0*002 mm. of 
mercury in a column of 760 mm. The 
distance between the fiducial points may also 
be measured to within ±0*002 mm., and a 
final accuracy within ±0*005 mm. should be 
obtainable. 

It should be remarked that this manometer 
avoids the uncertainty, experienced in work- 
ing with optically read instruments, due to 
irregular refraction by the walls of the mano- 
meter tube. 

( b ) Medium - 'precision Manometry . — The 
method of reading by means of a scale and 
vernier slide, after the manner of the meteoro- 
logical mercury barometer, is to be recom- 
mended, when a large number of readings 
have to be taken on a mercury manometer, if 
the utmost precision is not required. 

It would be advisable to calibrate the 
instrument, either from first principles by 
means of a cathetometer, or else by comparison 
with a fundamental precision manometer. 

The accuracy generally given by a calibrated 
vernier-read manometer is of the order 0-03 
to 0*05 mm. 

In many cases, especially with liquids of 
low specific gravity, sufficient accut'acy is 
obtained by reading the position of the centre 
of the liquid meniscus against an accurate 
scale, either ruled on the glass manometer 
tube or placed conveniently behind it. Atten- 
tion should be paid to the illumination of the 
meniscus and to the nature of the background 
against which it is observed. 

(c) A n Optical Lever Manometer for Measur- 
ing Small Pressure Differences. — A mercury 
manometer with a delicate and sensitive optical 
indicator has been designed by Shrader 1 and 
Ryder, and is shown diagrammatically in 
.Fig. 35. Apart from the indicator, the 
manometer is the familiar U-tube of large 
diameter (5 cm. or upwards). The optical 
indicator consists of a light mirror M, rigidly 
attached to a lever L, which rests on two 
knife-edges fixed to the wall of the glass 
tube, 

1 Phys . Rev., 1910, xiii. 321. 



The lever L has a small glass bead B fused 
to its end to act as a float. 

The principle of the method of reading 
hardly needs any further explanation. A 
beam of light incident upon the mirror from 
the direction I is 
reflected so as to 
give an image at 
a suitable dis- 
tance on a scale S. 

Shrader's mano- 
meter has a 
working range 
extending from 
1/1000 mm. to 3 
or 4 mm. of mer- 
cury. One of its 
special features is 

its quick response to changes of pressure. It 
can also be made photographically self -record- 
ing, yielding accurate records of pressure 
changes due to such phenomena as vaporisa- 
tion, freezing, diffusion, etc. 

§ (21) Maxostats. — It is frequently desir- 
able in chemical experiments to control the 
pressure within the apparatus. This is 
especially the case in fractional distillation, 
and in the determination of vapour pressures 
and boiling-points. For this purpose, some 
form of manostat or pressure regulator is 
indispensable. 

The chief requirements of a manostat are 
sufficient sensitiveness, adaptability over a 
wide range of pressure, and ability to maintain 
pressures above or below the normal atmo- 
spheric pressure. 

The majority of manostats are designed on 
the broad principle that whenever the pressure 
departs from the desired constant value, 
the manometer itself, 
through the change in 
liquid level in one of 
its limbs, automatically 
actuates either a supply 
or removal of gas to 
or from the apparatus 
or else some equivalent 
means of restoring the 
desired pressure. This 
may be achieved by 
thermal control, in which 
case the manostat is 
similar in operation to 
a very familiar type of 
thermostat. It is illustrated in Fig, 30. The 
enclosure E, which is to be kept at constant 
pressure, is heated by a gas burner, the 
supply of gas being led in through the narrow 
orifice O. 

The heater prevents the pressure within 
the enclosure from falling below the desired 
constant value, while if an excess of pressure 
exists, the mercury in the manometer partially 
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covers the orifice O , thus temporarily diminish- 
ing the heat supplied* The stop-cocks allow 
of initial adjustment to the desired pressure 
conditions. This manostat may be designed 
to cover a large range of pressures, both above 
and below atmospheric pressure. It can of 
course be adapted to electrical heating. 

Its use is, however, limited to temperatures 
above that of the laboratory, 

Of the types of manostat in which constancy 
of pressure is secured by the supply or removal 
of air from the enclosure, some depend on an 
electromagnet for actuating a valve or cock 
leading to the source of supply, the electrical 
circuit being completed automatically by the 
mercury in one of the manometer tubes. 
Electrically controlled manostats have been 
designed and developed by a number of 
investigators, including Beckmann 1 and 
Liesche, Smits, 3 Speranski, 3 and DruckerA 
Alternatively a manostat may be devised 
so as to admit air in much the same way as 
the supply of coal - gas is controlled in a 
mercury thermostat (or in the manostat of 
Fig. 36). An instrument has been designed 
on this principle by Wade and Merriman, 5 
using the analogous device of ail air-inlet 
passage which is automatically left uncovered 
by the mercury of a manometer when the 
pressure falls below a limiting value. This 
manostat may be arranged for pressures above 
or below the normal atmospheric pressure, 
e.g . ranging from 0 to 1500 mm. of mercury 
or more. It is capable of maintaining con- 
stancy of pressure to within ±0-2 mm. from 
the mean. This performance is dependent 
on the dimensions of the manostat, for which 
particulars are given by Wade and Merriman. 
The actual pressure in this type of manostat 
is subject to fluctuations in the atmospheric 
pressure. 

Tor further details of a number of manostats 
reference may be made to Arndt’s Iiandbuch 
der physikalisch-chemischen Technik . 6 

§ (22) Application of the Barometer or 
Manometer to measure in Units other 
tkant Pressures, (i) The Measurement of 
Gravity at Sea with a Mercury Manometer . — In 
general, the method of balancing an air 
pressure hydrostatically against a column of 
liquid is used with the object of measuring 
the height of the liquid column, and so 
determining the pressure absolutely through 
the adoption of known values of the density 
of the liquid and of local gravity. A modifica- 
tion of this principle to measure gravity 
at sea has been employed by Duffield, and 

1 Beckmann and Xiesche, Zeits . f. physical. 
C hemic , Ixxxviii. 13 ; also Ixxix. 565. 

2 Smits, Zeits . f. physiJcaL C hemic, xxxiii. 30. 

3 Speranski, Zeits. j. phy&ilcaL Chemie , lxxxiv. 160. 

4 j) ruc [, er ^ %eiis. /. physikal. Chemie , lxxiv. 612. 

B W^ade and Merriman, Chern . Soc . 'Trans, xcix. 
084. 

6 Published by Von. E. Enke, Stuttgart. 


is fully described in. the article ct Gravity 
Survey.” 

(ii.) The Measurement of Velocity with a 
Manometer . — The principles underlying the 
measurement of wind velocity are set out in 
the article on “ Meteorological Instruments.” 
Briefly, if the difference between the static 
and total air pressures can be measured, the 
velocity of the wind is given by the formula 

p^kV*, 

where p is tlie difference between the static and 
total air pressures, i.e. the dynamic 
pressure, 

Y is the wind velocity, 

h is a constant depending on the units of 
measurement. 

An fic anemometer head ” ensures that the 
true static and total pressures are operating 
on the manometer used to measure the 
pressure difference between them. The mano- 
meter may be of the liquid or aneroid type, 
and can be arranged to read air speeds directly 
if graduated in accordance with the formula 

Y = constant x */p. 

Air-speed indicators for use on aeroplanes 
are of the aneroid type, in which metal or 
rubber diaphragms have been employed by 
instrument makers. 

Silver diaphragm boxes have been used 
with success in sensitive instruments. Owing 
to the nature of the formula connecting 
air speeds and pressures, it is impracticable 
to obtain anything approaching a uniformly 
spaced scale of air speeds. 

Some of the current patterns of air-speed 
indicators used by the Government register 
up to about 170 miles per hour, corresponding 
to which the actual pressure difference in the 
manometer is about 14 in. of water. 

Although this value is low compared with 
the pressure differences operating on the 
diaphragms of altimeter aneroids, defects 
such as hysteresis and cc creep ” are by no 
means negligible in air-speed indicators. 

(iii.) The Measurement of Heights by the 
Barometer. — (See Part VI. of this article.) 

F. A. O'. 


Bards : the name given to an alloy, experi- 
mented with at the Bureau International, 
for usd as a material for making weights ; 
composed chiefly of nickel, with small pro- 
portions of chromium and manganese, but 
not sufficiently invariable for a fundamental 
standard. See “ Balances,” § (8). 

Baro thermograph : a self -recording instru- 
ment which records the temperature as a 
function of the pressure. See Meteoro- 
logical Instruments,” § (38). 
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Bates Saccharometer. See “ Hydrometers,” 

§ (9). 

BattmAs Hydrometer, used as saccharo- 
meter. See “ Saecharometry,” § (9). 

Beam op Equi-arm Balance : 

Design of. See “ Balances,” § (1) (i.). 
Methods of determining the deflection of. 
See ibid. § (1) (vi.). 

Beam-scales. See “ Weighing Machines,” 

§( 1 ). 

Benoit, Fabry, and Perot : determination 
of metre in terms of wave - lengths. See 
“Line Standards,” § (7) (ii.). 

Bee, anger Balance. See “ Weighing Ma- 
chines,” § (3). 

Berne, Universal Comparator at, descrip- 
tion of. See “ Comparators,” § (7). 

Bishop’s Ring : a reddish-brown ring, of 
inner radius 12° and outer radius 22°, 
observed round the sun. It is named after 
its first observer. See “ Meteorological 
Optics,” § (15) (iv.). 

Board op Trade Standards. See “ Metro- 
logy,” IN. § (13). 

Bolometer as applied to Solar Investi- 
gations. See “ Radiant Heat and its 
Spectrum Distribution,” § (18). 

Botjrdon-tttbe Thermograph. See “ Meteoro- 
logical Instruments,” § (9) (iii. ). 

Boyer Recorder Tachometer. See 
“Meters,” § (12). 

Brass Measures op Capacity. See “ Volume, 
Measurements of,” § (21). 

Briggs or National U.S.A. Standard Pipe 
Thread. See “ Gauges,” § (53). 

British Association (B.A.) Standard 
Thread. See “ Gauges,” § (45). 

Table of sizes. See ibid. § (57). 

British Standard Fine Thread (B.S.F.), 
table of sizes. See “ Gauges,” § (56). 


British Standard Pipe Threads (B.S.P.), 
table of sizes. See “ Gauges,” § (58). 

British Standard Whitworth Threads 
(B.S.W.), table of sizes. See “ Gauges,” 
§ (55). 

British Units of Volume. See “ Volume, 
Measurements of,” § (3). 

Brocken Spectre. When the shadow cast 
by the observer’s head on a bank of fog or 
mist is surrounded by a series of coloured 
rings — glories — the phenomenon is known 
as the Brocken Spectre. See “ Meteoro- 
logical Optics,” § (15) (iii.). 

Brunner Comparator, description. See 
“ Comparators,” § (5). 

Brunsviga Calculators. See “ Calculating 
Machines,” § (6). 

Burettes. See “ Volume, Measurements of,” 

§ ( 18 ). 

Buttress Standard Thread. See “ Gauges,” 
§ (51). 

Buys Ballot’s Law. This law states 
that in the northern hemisphere press- 
ure decreases from right to left of an 
observer who stands with his back to the 
wind. The reverse holds in the southern 
hemisphere. The explanation of the law 
lies in the fact that the rotation of the earth 
tends to deflect any body in motion on its 
surface towards the right in the northern 
hemisphere. The wind blows in such a 
direction that this tendency is counteracted 
by the pressure. At heights removed from 
the effect of surface turbulence the wind 
must therefore blow along the isobars. 
Near the ground on account of frictional 
effects the wind is partly checked and 
blows into the region of low pressure, but 
the deviation from the isobar is never great 
enough to vitiate the law as stated above. 
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CALCULATING MACHINES 

§ (1) Historical Sketch. — Aids to calcula- 
tion may be tabular, graphical, or mechanical. 
Among the mechanical aids are the calculating 
machines. These employ toothed gearing, 
and perform the operations of arithmetic. 
As they are arithmetical they differ from the 
more purely mathematical instruments, such 
as planimeters, integrometers, integraphs, har- 
monic analysers, and the like, -while as they 
employ toothed gearing they are distinct 
from, the slide rules. 

In attempting, however, to present even the 
briefest sketch of the development of the 
calculator, reference should be made to some 
devices, which are not, strictly speaking, calcu- 
lating machines, such as the abacus, and the 
numbering rods of Napier, 


So long as Roman numerals were used, 
computation was no easy matter, and some 
form of reckoner soon became a necessity. 
In early classic days there was the dust board, 
a tray filled with damp sand, which was scored 
by the fingers into squares, like a draught- 
board. These squares could be punched by 
the fingers with dots, to facilitate counting. 
Then pebbles ( calculi ) would be used, and later 
a more permanent form of reckoner was made 
by stringing beads on wires. In this way 
was formed the abacus, an instrument which 
has played an important part in the practical 
or commercial arithmetic not only of the 
ancient and mediaeval worlds, but also in the 
Far East at the present day. 

The arithmetic of mediaeval Europe con- 
sisted of two parts, theoretical and practical. 
The former involved much that was mystic, and 
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discussed the ratios and properties of numbers. 
It was the work of the Greeks, transmitted, 
imperfectly at first, through the writings of 
Boethius. The latter, the practical arithmetic, 
dealt with calculation, and employed the abacus. 

(i.) The Abacus . — In modern Europe the 
abacus is only used for teaching infants to 
count. In. China and Japan, however, it 
is an important calculating device. These 
nations no doubt obtained it originally from 
India, into which country it had been intro- 
duced probably by some of the Semitio races, 
who were the great traders of the ancient world. 

Fig. 1 shows a Chinese or Japanese abacus. 
On any selected wire each bead of the five-group 



represents unity, while each bead of the two- 
group represents fire. Hence a decimal 
notation is obtained. Fig. 2 shows the 
number 37408 or any decimal variation of this 
sequence of digits. The 
operations of addition 
and subtraction are self- 
evident. Those for multi- 
plication and division are 
effected by learning a 
multiplication and divi- 
sion table. 

(ii.) Napier'' s Bones. — 
The difficulties of com- 
putation in the Middle Ages were so great 
that the subject was almost beyond the powers 
of those who were not skilled mathematicians. 
Later, in 1617, Napier invented his system of 
numbering rods or “ bones,” which gave a 
more or less mechanical method of effecting 
multiplication. Each rod consists of the 
multiplication table for one of the numerals 
arranged in a vertical column as in Fig. 3. 

As an example, suppose that it be required 
to multiply 4185 by 752. Arrange the rods 
4, 1, 8, and 5 in order {Fig. 4), setting on the 
right the rod which contains the numbers 1 to 9. 
Then the line of partial product 4185 x 2 is 
shown by the second row, i.e. the numerals are, 
in succession, reading from right to left, 
0, 1 + 6, 1+2, 0 + 8, i.e. 8370. In the same 
way the partial products for 5 and 7 are given 
by the fifth and seventh rows respectively, 
viz. 20925 and 29295. Adding these lin es 
of partial product, as in ordinary multiplica- 
tion, we have 3147120. It will be observed 
that by the use of Napier’s rods the labour 
of multiplication is replaced by the simpler 
process of addition. 


Napier’s rods were of great practical value. 
To save time in arrangement the numbers 



Pig. 3. 


were, later on, inscribed on parallel cylinders, 
which, by revolving, could be set rapidly to 
the required factors. So good is this simple 
device that it can hold 
its own as an inexpen- 
sive calculator even at 
the present day. 

(iii.) Pascal's Machine. 

— The first true calcu- 
lating machine was 
made by Blaise Pascal 
in 1652. It was con- 
structed to help his 
father in his depart- 
mental work. Its use 
was chiefly for adding 
sums of money. It 
forms the type from 
which the modern 
arithmometers may 
trace their descent. 

Number wheels on the upper face of the 
machine are turned to effect additions. The 
model worked with a peg instead of a handle, 
somewhat like the Brical cash counter. Pin- 
wheels of the simplest form were used where 
now there would be bevel gearing. 

(iv.) Other Parly Machines . — The next im- 
portant advance was the invention by Leibnitz 
of a machine containing a type of stepped 
reckoner. This in an improved form is the 
counting device employed in modern arithmo- 
meters. Leibnitz had the idea in 1671, and 
his earliest model was made in 1694. At an 
earlier date a British calculating machine had 
been brought out by Sir Samuel Moreland. 
This was dedicated to Charles II. in 1666- It 
was for adding sums of money, and its carrying 
device was like that of a modern speed counter. 
Another British machine was made by James 
Bullock in 1775 for Earl Stanhope, and an 
improved form was brought out in 1777. 

Other machines were made during the 
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eighteenth century by Lepine, 1725 ; Leupold, 
1727 ; Boistissaudeau, 1730 ; Gersten, 1735 ; 
and Pereire, 1750. The stepped reckoner was 
used by Hahn, 1774, and Muller, 1783. 

§ (2) Early Modern Machines, (i.) The 
Thomas Arithmometer. — The first machine 
which could be called a commercial success was 
an arithmometer made by C. X. Thomas, of 
Colmar, Alsace, in 1820, and. unproved by 
Payen. It was manufactured extensively 
about the middle of the century, and is still 
much used. Most modern arithmometers 
differ little from it in general construction, 
though they have been modified considerably 
in details, particularly with a view to auto- 
matic working, as in the “ MCadas ” and 
“ Fournier.” The work of the original firm 
is still carried on by M. A. Darras ( Pams ), who 
makes the “ Thomas ” in a modern form, in 
sizes ranging from twelve to twenty figures. 

(ii.) Direct Multiplying Machines.- — The first 
direct multiplying machine was invented in 
1889 by Leon Bollee. He introduced the use 
of tongue-pieces whose lengths represented 
numbers. This has been incorporated in the 
design of the “ Millionaire,” and is its most 
interesting feature. 

The first keyboard machine was as late as 
1861. 

(iii.) Babbage's Differencing Engine. — Before 
proceeding to examine the modern calculating 
machines a brief reference may be made to the 
differencing engine, and the analytical engine, 
of Charles Babbage. 

The differencing engine was for the mechani- 
cal construction of mathematical tables, such, 
for example, as occur in the Nautical Almanac. 
The principle on which it worked is easy to 
understand. Suppose we have the tabulated 
values of any function arranged in a column. 
We can form in the usual way the column, of 
first differences, i.e. by subtracting succes- 
sive pairs. By treating this column in the 
same way we can form the column of second 
differences, and from it the column of third 
differences. Conversely, then, if instead wo 
had been given the column of third differences, 
and the loading value of the second and first 
differences and of tho function, we could, by 
adding, reproduce the columns, first of second 
differences, then of first differences, and finally 
of the function. Many tables may be con- 
structed in this way, given a column of differ- 
ences, which is usually fairly constant over 
a wide range- Babbage’s differencing engine, 
which was designed to give for each turn of 
the handle corresponding values in tho various 
difference columns, and also the value of the 
function, all by straightforward additions, was 
accordingly a glorified adding machine. 

(iv.) Babbage's Analytical Engine. — -The aim 
of the analytical engine was to carry out 
any sequence of operations with any given 


[ numbers, and so in fact to evaluate any 
algebraical formula. It consisted of three 
parts — the mill where the operations were 
performed, the store where the results were 
placed ready for use, and the controlling 
mechanism which directed the operations. 
Tho latter was of tho nature of a Jacquard 
apparatus. It was worked by an arrangement 
of two sets of perforated cards — one for the 
mill and one for the store — which determined 
the operations, and specified their order. In 
this way numbers set up in the store were trans- 
ferred to the mill, operated on there as required, 
and the values so obtained were returned to the 
store, till the final result should be obtained. 

Babbage began his analytical engine in 1833, 
but by the time of his death in 1871 only 
a comparatively small part had been finished, 

§ (3) Modern Arithmetic Machines. 
Counting Devices . — The fundamental opera- 
tion in a calculating machine is addition, since 
f rom this the others can be derived. Mechanical 
addition involves two distinct processes, the 
s ummation of the digits, and the “ carrying ” 
from one denomination to another. The sum- 
mation of the digits is effected by one of five 
mechanisms: (a) the stepped reckoner; (b) the 
variable toothed wheel ; (c) the circular rock- 
ing segment ; (d) the reciprocating rack ; 

(e) the . double crown wheel. These classify 
calculating machines into different groups 
according to the mechanism used. 

The operation of “ carrying ” is mechanically 
the most difficult to perform, and the mechan- 
ism which controls it is the most delicate part 
of the machine. In its simplest form it is 
illustrated by the speed counter (Fig. 5), in 



which the dials are removed to show tho 
working. Here, as tho 9 in tho units dial 
changes to 10, the 0 appears in tho units dial 
in succession to tho 9, while at that moment 
the projecting tooth on tho units wheel engages 
with tho tens counting wheel, and moves it on 
by one step or unit. In calculating machines, 
however, tho carrying is much more com- 
plicated, and a more elaborate mechanism is 
required. 

I (4-) The Arithmometers. — The arithmo- 
meters form the oldest group of calculating 
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machines. The earliest successful one was 
the Thomas already mentioned. Modern 
arithmometers resemble it closely, but embody 
various minor improvements as well as some 
important additions. 

(i.) Addition and J\1 iilUpli cation, : General 
Account . — The top of an Archimedes machine, 
one of the class, is shown in Fig. 6. It is 
in two parts ; the upper portion, with its two 
rows of figures, can slide to right or left. On 
the lower portion are shown a series of vertical 
slots with^ the digits 0 — 9 arranged by their 
sides. Pointers or markers slide in these slots 
and can be placed opposite any digit required. 
As figured the markers, counting from the 
right, are opposite to the digits 3, 5, 5, I ; these 
digits appear in the row below and read 1553. 


obtain the result more rapidly ; the mechan- 
ism, when the handle is rotated, transfers a 
number from the marker to that place in the 
result row which is immediately above it ; if we 
move the slide one place to the right we bring 
the tens’ place in the product above the units 
in the markers, the hundreds above the tens, 
and so on ; thus in this position a turn of 
the handle adds ten times the multiplicand 
to the product, i.e. multiplies by ten. Thus 
to multiply by 235 we should push the slide 
to the left as in the figure, turn the handle 
5 times, thus multiplying by 5, then push the 
slide one place to the right and turn 3 times, 
thus multiplying by 30, then push the slide 
one place further on and turn 2 times to mul- 
tiply by 200. 



Fig. 6. — Archimedes. 


This is mainly for convenience. The machine 
is worked by the handle seen on the right, and 
the mechanism, which will be explained shortly, 
is such that one turn of the handle, when, as at 
present, the machine is set for addition, trans- 
fers these digits from the markers to the 
result dials in the row immediately above. 
The result is shown in this row. A second 
turn transfers the same digits a second time 
to this row, and so on for a third or any suc- 
ceeding number of turns. In this ma nn er 
the number 1553 is added once for each turn 
of the handle to the figures in the top row ; we 
obtain in effect the result of multiplying 1553 
by 1, 2, 3, etc. The top row merely shows 
the number of times the handle has been 
turned, i.e. it registers the multiplier. 

Multiplication, thus, is performed by a 
repeated process of addition ,- the bottom row 
shows the multiplicand, the top row the multi- 
plier, and the central row the product. 

The slide already referred to enables us to 


The process may be shown thus : 

1553 

1553 
1553 
1553 

1553 
1553 
1553 
1553 
1553 
1553 


364955 


(ii.) The Stepped Reckoner. — The above 
description applies in general terms to a 
number of machines, but the adding device — 
the mechanism, that is, whereby the digits 
are transferred from the markers to the result 
dials— -differs. In the Thomas and Archimedes 
machines the stepped reckoner is used. This 
device, which is shown at A in Fig. 7, is 
placed below each of the marker slots ; thus 


1553x5= | 

Five turns I 


1553 x 30= | 

Three turns I 

1553x200= f 
Tuio turns \ 

1553x235 = 
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in the machine illustrated there are ten stepped 
reckoners. Each of these consists of a circular 
cylinder which, by turning the crank handle, 
can be made to rotate about an axis parallel 
to the length of the slots. The outer surface 
of tho cylinder is machined away, leaving on 
part of the circumference nine radial pro- 
jections or steps of gear - tooth form and 
of varying axial length ; these engage a small 
pinion or gear wheel, causing it to rotate as 
the cylinder is turned. The pinion is shown 
at IV in Fig. 7. The axis of this gear wheel 
carries at one end a bevel wheel (i, Fig. 7) 
which, when the sliding carriage is down, 
engages with a second bevel wheel, shown at 
(V, the numbering wheel ; to this the figures 
giving the result are attached, and these 
appear in turn on 
the corresponding 
dial as tho wheel 
rotates ; the motion 
of the stepped 
reckoner is thus 
transferred to the 
result dial. The 
projections or steps 
on the reckoner 
vary in length 
parallel to its axis, 
as shown in the 
figure, inc reasin g 

gradually from the 
first to the ninth ; 
the pinion which 
engages with them 
slides on a square 
axis parallel to that 
of the cylinder, 
and by altering its 
position on this 
axis the number of 
stops which will 
engage with it, and 
hence the angle through which it turns for one 
turn of the handle, is varied ; this alteration 
is effected by moving the marker to which the 
pinion is attached ; when the marker is at zero 
the reckoner can be turned without moving 
the pinion ; no steps engage. As the marker 
is moved to one, two, etc,, one, two . . . 
steps engage the pinion, which is thus moved 
through the angle corresponding to one, 
two . . . teeth ; the motion is transmitted by 
the bevels to the result dials and the digits 1, 
2, 3, etc., appear in turn. Thus if tho marker 
be set to 7 and the handle turned, seven teeth 
engage ; the numbering wheel turns through 
seven places and 7 appears on the dial ; if 
tho marker be now set to 2 and the handle 
turned, two teeth engage, the result dial is 
moved through two more places, and 9 
appears. 

(iii.) Carrying . — -The chief mechanical diffi- 


culty is in the carrying ; when this is about 
to occur — Le. when the 9 on the result dial is 
about to change to 0— an extra single tooth, 
sliding on the next higher axis, is pushed into 
position by a lever and stud device on the 
axis of lower denomination ; this moves the 
result dial of next higher denomination through 
one place and thus effects the carrying. 

(iv\ ) Subtraction and Division . — As addition 
is performed by causing the numbering wheels 
to turn in the positive direction, so sub- 
traction can be carried out if we can make 
the numbering wheels rotate negatively ; the 





Fig. 7- 


-ESnd Elevation of the Thomas cl e Colmar Arithmometer 
(sliding carriage shown raised). 


H, handle ; S, marker ; A, stopped reckoner ; B', counting pinion on square axle />, 
at the other end of which are the bevel wheels i and %' on a alcove l t giving tho adding 
or subtracting rotations to the bevel wheel d\ which works tho figure disc, seen below 
tho dial. M is a milled head which works the of facer. The other letters show tho 
carrying, numbering, and effacing mechanisms. 

positive rotation is given to the numbering 
wheel iV by a bevel wheel i which engages 
it at one end of a diameter; a second 
bevel V engaging it at tho opposite end 
of tho same diameter will give the negative 
rotation. These two bevels arc connected 
by a sleeve l sliding on tho square axis, 
their distance apart being greater than tho 
diameter of the numbering wheel. By means 
of a stud either can bo brought into action and 
a positive or negative rotation, given to tho 
numbering wheel. To perform subtraction 
then tho total is placed on the result dials, 
the amount to be subtracted on the markers, 
the studs being sot to subtraction, and tho 
handle is turned once ; tho answer appears on 
the result dials. 

Division is effected by a process of repeated 
subtraction. The machine being sot for subtrac- 
tion, tho dividend is set on the extreme left of 
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the result dials and is followed by a series of 
zeros ; the divisor is set on the markers and the 
slide moved to the right until the left-hand 
figure of the dividend is above 1 or one place to 
the left of the highest figure of the divisor. 
Thus the- part 
of the dividend 
which is to he 
operated on is 
greater than 
the divisor. 

The handle is 
turned once, 
thus subtract- 
ing the divisor, 
as in long 
division, from 
the higher 
figures of the 
dividend ; if the remainder shown on the 
result dial is still greater than the divisor, the 
operation is repeated, and this is continued 
until the remainder is less than the divisor ; 
the number of times this has been done appears 
on the top dial and is the first figure of the 
quotient. The slide is moved one place to the 
left and the process repeated, thus obtaining 
on the top dials 
the second figure 
of the quotient. 

This is continued 
until all the 
figures are found. 

An arrange- 
ment is usually 
added for effac- 
ing rapidly the 
figures in the 
view-holes, thus 
resetting all dials l^ia. 9 , 

to zero. 

§ (5) Other Arithmometers. — Among the 
older arithmometers may be mentioned the 
Thomas and the Tate, while among the newest 
are the Archimedes, Colt, Layton, Tim, Unitas, 
and Madas. The last is referred to among the 
automatic division machines. 

A recent development of the arithmometer 
is the Eournier Calculator. It is an arith- 
mometer fitted with a compact and distinctive 
keyboard, whose feature is that the depression 
of a key depresses all in its column of lower 
value, while the highest value alone is regis- 
tered. It also multiplies by a single turn of 
the crank for each figure in the multiplier. 
In order to accomplish this, energy is stored 
in springs during the inactive portion of the 
turn of the reckoner, and this is sufficient to 
finish the operation. This arithmometer was 
designed to render all the operations of arith- 
metic as nearly automatic as possible. 

1 Above if equal to or greater than the divisor, 
one place to the left if less. 


§ (6) The Dactvle or Brtjns via a Group. 
— The idea of a wheel with movable pins or 
teeth was described by Poleni of Venice in 
1709. A Bruns viga machine employing this 
device is shown in Fig . 8 . Additions and sub- 
tractions are 
obtained by 
the convenient 
method of turn- 
ing the handle 
forward or 
backward, i.e. 
positively or 
negatively. 

The adding 
device is a 
wheel consist- 
ing of two 
parts — a disc 
{Fig. 9) and a cover {Fig. 10). In the disc 
are slots in which lie steel fingers or teeth 
{Fig. 11 ). A projection on each of these fits 
into a groove in the cover-disc. The act of 
setting a number, say six, by the marker 
rotates the cover of the disc, and in so doing 
forces the projections of six of the fingers to 
slide along the groove from the inner portion a, 

past the crossing 
6 , to the outer 
portion of the 
groove. This 
makes six teeth 
project from the 
wheel. As there 
is a counting 
pinion ready to 
engage with this, 
a positive rota- 
tion of the oper- 
Eig. 10 . ating handle 

advances the 
counting wheel by six units, and so adds 
this number to any already on the result 
dials. A negative rotation of the handle 
would subtract it. Carrying is performed 
by sliding a movable tooth into position 
when required. 

In this way any numbers may be sot by 
the markers, and added or 

subtracted as desired by posi- 1 l— 

tive or negative turns of the I — 

handle. As in the arithmo- Ena. IX. 
meter, multiplication is ob- 
tained by successive additions, and division 
by successive subtractions. 

The dials are set to zero by an effacer 
worked by turning the butterfly nuts shown 
in the figure. 

Other machines of this group are the 
Triumph at or, Zeetzmann, Muldivo, and 
Marchant. 

§ (7) Adding Machines. — Adding and list- 
ing machines are employed widely in business. 



Fig. 8. 
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and are worked most conveniently by a 
keyboard. A machine worked by keys was 
first put on the London market in 1861 by 
V. Schilt. The funda- 
mental device employed 
in adding machines is 
the toothed sector, or 
sectorial rack. 

Reference to the dia- 
gram (Fig. 12) shows 
that when a key, such as 
number 5, is depressed, 
it moves, by means of 
a bell-crank lever E, a 
stop wire, and pulls the 
end inwards to the 
bottom of the slot. This 
limits and specifies the 
travel of the toothed 
sector B. This toothed 
rack B is carried by the 
pivoted lever A, and 
moves between the guide 
plates I). On depressing 
the key the rack descends 
through the specified number of teeth — five 
in this case — and the corresponding type for 
printing, carried at the other end of the pivoted 
lever A, comes into position, and is struck by 
a hammer and printed. During the descent of 


and counting wheels be arranged in series, 
and possess the necessary carrying apparatus, 
an adding machine is formed, and the regis- 


tering wheels will show at any time the sum 
of ali the numbers which have been set on 
the keyboard. An illustration of the machine 
with its cover removed is given in Fig . 13. 

In the smaller machines, such as the small 




the rack the counting wheel 0 is thrown out 
of gear, but on the ascent it engages, and so is 
turned through the nu mber of units specified by 
the key. The number set by the key is thus 
transferred to the registering device, and so 
is added to the total. If then a set of racks 


Burroughs adding machines and tho Compto- 
meters, the sum is shown at once on the result 
dials. In the largo Burroughs listing machines 
the sum is to be printed. This necessitates, 
in addition to the printing device, a totalising 
key, whose depression, after an extra stroke 
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is given to the working handle, prints the sum, 
and sets the numbering wheels all to zero, 
i.e. clears the machine. 

The principle of the carrying device is to 
make the next higher rack rise through the dis- 
tance of an extra tooth. This carries an extra 
unit to its number wheel when the rack ascends. 

These machines are energised through 
springs, to prevent the mechanism from being 
strained, and the large Burroughs machines 
have also a dashpot. 

Subtraction may be carried out by adding 
the complementary number. The latter may 
be defined by saying that any number jfius 
its complement forms some whole multiple 
of ten. Thus 7 and 3 are complementary. 
For subtraction the complementary numbers 
are marked on the keys in small type. In 
many cases it is more convenient to take the 
complement with respect to 9 instead of 10, 
and in that case a special mechanism adds 
unity to the result. Thus, instead of subtract- 
ing 764 from 876, and obtaining 112, we may 
write 764 ^ 1000 ___ (235 + 1)# 

Thus 876-764-876+235 + 1- 1000 
— 1112 — 1000 — 112 . 

We thus add 235 + 1, the complementary figure 
to 876, and reject the highest digit. 

Multiplications and divisions are accom- 
plished as repeated additions and subtractions 
respectively, but the “ typist ” touch for doing 
this rapidly requires a certain amount of 
training. 

§ (8) Calculator Typewriters. — Adding 
mechanisms or totalisers are now attachable 
to certain typewriters, so that typing, listing, 
and adding may be carried out on tlxe same 
machine. Among calculating typewriters may 
be mentioned the Hammond, Monarch, Wahl, 
Smith, and Underwood. 

The Elliott - Fisher adding machine is a 
further development of this idea. It has a 
standard keyboard which traverses the frame 
of the machine, and moves over a large sheet 
of paper. Adding registers are clamped on a 
bar of the frame wherever a column of figures 
is required on the paper. The keyboard, 
when passing these registers, engages them 
with studs, and so totalises each column of 
figures in the sheet. 

§ (9) The Millionaire Machine. — The 
Millionaire was patented by O. Steiger, and 
is manufactured by H. Egli in Zurich. It per- 
forms the operations of arithmetic, but is speci- 
ally devised for multiplication. This it does 
not accomplish by repeated additions, but by 
a single turn of the crank for each digit of the 
multiplier. It forms accordingly a class by itself. 

The most striking feature is a set of nine 
tongue plates or multiplication pieces. These 
represent by their lengths the multiplication 
table. Thus the tongues on the plate 8 are 


of lengths 8, 16, 24. . . . A figure such as 24 
is represented by two tongues, one of length 
4 in the digits place, the other of length 2 in 
the tens place. A tongue plate is shown in 


14 ; the light bars represent the units, 
dark bars the 


Fig, 
the 

tens. Suppose that a 
number, set by the 
marker, is to be multi- 
plied by 8. The 
multiplication lever is 
set to 8, which places 
tongue plate 8 in the 
position for working. 

Straight racks, form- 
ing part of the count- 
ing device, rest against 
the tongue plates, and 
are displaced by them 
in working to an ex- 
tent determined by the 
lengths of the tongues. This displacement of 
the racks moves the counting wheels of the 
recorder through the corresponding number of 



Fig. 14. — The Millionaire. 
Tongue Plate. 


steps or units, and transfers these values to the 
result dials, so giving the result of the multi- 
plication. For addition and subtraction the 
multiplication lover is set to unity. Division 
is simplified by a table of reciprocals. The 
Millionaire is often fitted with a keyboard 
for office work. 

§ (10) Automatic Division Machines.— 
Division, though the most troublesome of 
the simpler rules, is easy to carry out on a 
calculating machine. .The operation, however, 
is usually not automatic. Two machines, 
the Mercedes-Euldid and the Madas, while 
performing all the arithmetical operations, 
also carry out automatic division. 

(i. ) The Mercedes - FuldicL — This machine 
was designed by Oh. Hamann of Friedenau, 
Berlin. Its adding mechanism employs the 
straight rack and pinion. In this case there 
are ten parallel racks, one to correspond with 
each of the horizontal rows of figures 0, 1 . . . 9 
extending from slot to slot. The displace- 
ments of these racks, which must bo pro- 
portional to their digits, are obtained by the 
simple device of a proportional lever. This 
is worked by the handle, and each rack gets 
a displacement proportional to its number. 
Thus the counting pinions, set by the markers, 
register displacements of the corresponding 
number of units, and convey these to the 
recorders. The subtracting device is particu- 
larly ingenious. The proportional lever is 
then pivoted at the other end, and the pinions 
get the complementary displacements. This 
addition of the complements of the number 
is the same, with the exception of a unit, 
as subtracting. In carrying out automatic 
division the machine approaches the value 
of the quotient through upper and lower 
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limits successively, subtracting and adding 
till the result is obtained. 

(ii.) The Madas . — This machine is an 
arithmometer, and as such uses the stepped 
reckoner. It is worked in the usual fashion. 
The mechanism for division is modified in such 
a way that, when the sequence of subtractions 
for obtaining a figure of the quotient has been 
completed, the carriage moves automatically 
one space to the left. Hence continuing to 
turn the handle in the same sense produces the 
successive figures of the quotient. 

§ (11) The Monroe Machine. — In its 
original form this was the invention of Mr. 

F. S. Baldwin (Conn.). It possesses a key- 
board in front, like a comptometer, and a 
sliding carriage at the back, like an arithmo- 
meter, while the working recalls the horizontal 
handle of the Brunsviga. 

The adding device is simple and ingenious. 

It is a wheel consisting of two opposed parts, 
like crown wheels, which can be made to 
approach or recede from each other. On 
one of these discs are five equal pins, and on 
the other four stepped pins. These pins 
engage the counting wheel. They project, 
alternately, into the space between the discs, 
so that the closed wheel looks like a lantern 
pinion, or a very flat squirrel- cage rotor. If 
a number less than five (say three) be set on 
the keyboard, the discs move so that the 
counting wheel will engage with three pins 
of the stepped disc. If a number greater 
than five (say eight) be set, the discs close so 
that five teeth of the one disc and three of the 
stepped disc will gear with the counting wheel 
and operate it. This is analogous to the use 
of the stepped reckoner in the arithmometer. 

The working of the Monroe is somewhat 
like that of the ordinary arithmometer, except 
that the numbers are transferred rapidly 
to and from the keyboard by a positive or 
negative turn of the horizontal handle. Such 
machines, with a long sliding carriage, possess 
the advantage that one can work different 
parts of a calculation at the opposite ends 
of the carriage, and thereafter combine them. 
This is specially the case with the Monroe, as 
one of its features is the speed with which it 
can combine the operations of arithmetic, as 
in the evaluation of algebraic formulae. 

The Ameo is a smaller machine on similar 
principles to the Monroe. 

§ (12) Tabut,ati:n« and Sorting Engines. 
— Some large commercial firms use special 
modifications of engines like the census 
machine. These are controlled by a Jacquard 
arrangement, operated by punched cards. 
Any group of details may be picked out and 
sorted in one machine, and summed and 
tabulated in another. These engines are 
larger and more elaborate than the machines 
already discussed. The information, which is 


usually representable by figures, requires to he 
punched systematically by holes in the cards. 
This takes time, but once it is done the in- 
formation is dealt with by the machines at 
an extraordinarily rapid rate. Two of the 
best known of these sets of engines are the 
Holerith and the Powers. The former works 
electrically, and the latter mechanically. 

See “ Le Calcul mAcanique ” ( Encyclo . Sclent,.), 
Paris, 1911; Napier Tercentenary Handbook, Jtoyal 
Soc., Edinburgh, 1014; Trans. Inst. Ena. and. Ship, 
in Scotland, Glasgow, 1919— 20, tr. xiii. ; Bulletin de la 
Soc. d’ Encouragement pour T Industrie National, :l 020, 
tome 132, No. 5. E M 1T 


Calibration op Indicators for Metro- 
logical Observations. See “ Metrology,” 

§ (32) (ii.). 

Calibration op Scale : successive stages, 
method of taking observations in subdivid- 
ing comparator, computation of results, and 
theory underlying same. See “ Com- 
parators,” § (12). 

Callendar Radiation Recorder. See 
“ Meteorological Instruments,” § (31). 

Camera Obsctjra : as used for observing 
clouds and for measuring the direction of 
motion and the speed-height ratio. See 
“ Meteorological Instruments,” § (34). 

Campbell-Stokes Sunshine Recorder. See 
“ Meteorological Instruments,” § (24). See 
also “ Sunshine Recorders,” “ Radiant 
Heat and its Spectrum Distribution,” § (1). 

Cavendish Experiment for the determination 
of the constant of gravitation by a torsion 
method of measuring the attraction of 
leaden balls for one another. See “ Earth, 
Density of the,” § (2) (i.). 

Centrolinead. See “ Draughting Devices,” 

p. 260. 

Check Gauge, Definition op. See “ Metro- 
logy,” § (19). 

Chronograph : recorder of subdivisions of 
a second. See “ Clocks and Time-keeping,” 

§ ( 15 ). 

Circular Calculators. See “Draughting 
Devices,” p. 261. 

Clairaut’s Theorem. Sec “ Gravity Survey,” 
§ (13). 

“ Class ” op Fit : definition of term. See 
“ Metrology,” § (29) (i.) (a). 

Clearance Fits : definition of term. See 
“ Metrology,” § (29) (ii.) (a). 

Climate, effect of radiation on. See “ Radia- 
tion,” § (4) (ii.). 

Clinograph. Sec “Draughting Devices,” 

p. 262. 

Clocks : 

Controlled systems of. See '* Clocks and 
Time-keeping,” § (IS). 

Historical. See ibid. § (2). 

Standard of actual performance. See ibid. 

§ ( 19 ). 
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CLOCKS AND TIME-KEEPING 

§ (1) The Measurement oe Time. — Time 
enters as an element in all natural events even 
more universally than do Space and Mass, 
but whereas different lengths and masses may 
be compared, under proper precautions, with 
the same identical fiducial standards, the 
Warden of the Standards is unable to produce 
from his presses a standard Hour or Minute 
for verification, and Time can only be measured 
by the repetition of a process. Measurement 
is therefore bound up with the theory of the 
process selected, and so is liable to adjustment, 
should the theory be varied. The main 
process obviously presented as suitable and 
convenient is the rotation of the Earth, 
though others have been proposed for 
standards, especially such as involve the 
transmission of light, as being even more 
uniform and fundamental in character. Apart 
from the rotation of the Earth, the natural 
clocks offered by astronomy are the revolutions 
of the Moon, the Planets, and the Satellites of 
Jupiter. All these are deeply involved with 
difficulties of theory or observation and can 
only be used in a last resort for confirmation 
of suspected changes. The art of time- 
keeping is the distribution by subdivision in 
convenient form of the standard process. This 
is the subject of the present article. Before 
proceeding directly to it, it will be convenient 
to register a few points regarding the definition 
and determination of the Day in this place. 

The rotation of the earth is an extremely 
good standard of uniform motion, but not a 
perfect one. It is certain dynamically that 
it is liable to change. Contraction of the body 
must accelerate it. Tidal friction must re- 
tard it. Both act continuously in one sense 
and therefore cannot be negligible. It would 
take us too far into astronomical details to 
pursue the points more fully, but it may be 
said that the effect of the variation can now 
be identified pretty certainly with residual 
terms showing themselves as an apparent 
displacement of the moon and of the planets, 
otherwise unexplained. 

In defining the rotation of the earth it is 
necessary to make clear what is meant by 
fixity of direction. This is a matter both 
delicate and elaborate. The direction of 
very remote stars must be taken as absolutely 
fixed. The distances are so great that no 
velocity we could ascribe to an Individual 
star would produce a sensible deviation, 
and in the mass the result would be null in 
an absolute sense. Passing to the brighter 
and less distant stars upon which daily 
observations must depend, it is generally 
agreed that these show systematic motions 
in streams, so that an origin of direction based 
upon a stream to which the sun did not belong 


would be a moving origin. The amount is 
such that it would correct by a fraction of a 
second of time the duration of a century. It 
would be merged with variations in the actual 
rotation of the earth and could not be separated 
out observationally. But practically, we use 
this basic reference to the mass of stars only 
indirectly. Lists or catalogues of stars made 
after full discussion show the positions of 
each relative to the mass. Of these several 
hundreds are suitable for time observations. 
Their positions relative to one another and 
to the whole sphere is pretty certain down to 
0*01 sec. or 0*02 sec. A full observation for 
time in an observatory will rest on the mean 
of the determinations of the moment of passage 
of, say, about 10 of these stars across the local 
meridian. This might reasonably be expected 
to be reliable within 0*01 see. , But in fact 
individual observations stand out from the 
group and one night’s determination from 
another by at least five times that amount. 
This discrepancy must be shared between the 
clock with which they are compared, the 
chronographic system of recording its indica- 
tions, faults in measuring the position of the 
telescope with respect to the meridian and the 
horizon, personality of the observers, and, 
finally, to deviations of the stars from their 
mean places due to atmospheric causes. The 
uncertainty adds to the difficulty of testing 
the going of a clock, inasmuch as its error 
cannot be assigned with certainty within ±0*05 
sec. upon any given day, and owing to weather 
must sometimes go undetermined for many days 
together. This point will be dealt with later. 

The first standard of time, then, is the 
sidereal day, and this is reckoned from the 
zero of the star catalogues. This zero point 
is not itself one of the stars ; it is not a fixed 
direction as defined above, but possessed of a 
certain defined motion. This so-called .First 
Point of Aries, which constitutes the natural, 
indeed the inevitable, zero for star places, is 
one of the intersections of the plane of the 
ecliptic with that of the equator. Both 
planes are subject to movements which are 
accepted as determined from prolonged 
observation and elaborate theory. At the 
epoch 1900 the regression of the First Point 
of Aries along the equator was 50*26" 
annually, or 0*138" per day, with respect to 
the mass of the stars. Sidereal time at any 
moment measures the angle about the Pole 
by which the First Point of Aries has been 
carried past the meridian of the place, at the 
rate of 24 hours to one complete revolution or 
sidereal day. The sidereal day is divided into 
hours, minutes, and seconds in the usual way. 

Mean Solar Time, upon which all civil work 
depends, is never determined directly, hut is 
calculated from the observed sidereal time. 
The link is made by the Theory and Tables 
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of the Sun for the .time being current, ax. 
present those of Newcomb. 1 These tables 
give the position with respect to the "First 
Point of Aries of an imaginary body called 
the Apparent Mean Sun, which represents a 
smoothed mean position of the sun, taking 
account of the whole mass of observations on 
which the Tables are based. Just as the 
First Point of Aries gives the sidereal time 
at any place, so the Apparent Mean Sun 
gives the local mean time. For daily use its 
position with respect to the First Point of 
Aries is calculated and shown in the Nautical 
Almanac , under the double form of 46 sidereal 
time at mean noon,” and cc mean time of 
transit of the First Point of Aries.” The 
mean sun progresses along the equator at 
the rate of one complete revolution with 
respect to the First Point of Aries in a 
cc tropical year 5 ’ of 365-2422 mean solar days. 
The same interval is equal to 366*2422 sidereal 
days. The mean solar day being divided 
into hours, minutes, and seconds in a similar 
manner to the sidereal day, it follows that 

I sidereal day = 23 h. 56 m. 4*09 s. solar, 

I mean solar day = 24 h. 3 m. 56*56 s. sidereal, 

and 

I sidereal el., h., or m. = 1 — *002730 mean 
solar d., k,, or in., 

I mean solar d., h., or m. = 1 + *002738 sidereal 
d., h., or m. 

From these relations between the units, 
and the relative position of the two origins 
at the beginning of the day in question, as 
given in the Nautical Almanac , local mean 
solar time is calculated from the observed 
local sidereal time. The conversion, a little 
troublesome for a detached case, can bo made 
very easy and rapid for systematic serial 
work. It is however unusual to employ 
purely local mean time. Based upon Green- 
wich as the prime or zero meridian, the world 
is partitioned by convention into zones of 
one hour or one half-hour in width, at the 
margins uniting which the mean time employed 
is changed abruptly. Thus the Observatories 
of Paris and Edinburgh both use the mean 
time of Greenwich, calculating it by applying 
to their local mean time found, as described 
above, their adopted respective longitudes or 
differences from the Greenwich meridian. 
The Observatory of Washington follows the 
same process, but allows a further 5 hours for 
difference of zone. The boundaries of the time 
zones generally speaking follow straight merid- 
ians over the ocean, but occasionally deviate 
to one side or another on land so as to make 
them coincident where possible with national 
or provincial boundaries. Their positions as 
accepted by the British, French, and Italian 

1 Publications of the American Ephcmeris, vi. part i. 


Admiralties are shown on the Admiralty 
publication. The. W orld Time-Zone Chart, 1919. 

A further convention is required to fix: the 
“ date line,*‘ > or line at which the date changes 
when crossed from east to west or west to 
east- It follows generally the ISOth meridian 
(12 h.) from Greenwich, the day of the week 
and day of the month being one day more 
advanced upon, the western side of the line 
than upon the eastern side; but it deviates 
about half-an-hour to the east so a, s to include 
the East Cape of Siberia with the mainland of 
Asia, then half-amhour to the west to include 
the Aleutian Islands with the American 
continent, and again moves hal£-an~honr to 
the east in south latitudes so as to bring 
Fiji and Chatham Island within the area 
reckoning the later date. 

§ (2) Historical,. — The problem of making 
a clock — that is, the provision of a secondary 
process for estimating time, by which the 
Day might be correctly subdivided to any 
degree and the results consistently distributed 
— has presented numerous difficulties which are 
not all overcome at the present day. Omitting 
primitive devices like water-clocks and sand- 
glasses, and the more scientific sun-dial, it 
is to be remarked that the literature and 
remains of early time-keepers are very scanty. 
The art of wheel work and its adjuncts was 
developed early and, it would seem, was carried 
to achievements of the highest ingenuity at 
the time of Hero of Alexandria (circa 100 B.c.) 
in the form of self-acting models and toys. 
In the mediaeval period of our own epoch a 
parallel standard was reached in carillons 
and other musical -boxes, and in moving 
images chiming the hours. But time-keeping 
was secondary to the externals, as it is in 
most clocks to-day. This part was treated 
merely as a tradesman’s production and was 
altered or discarded without respect. It is 
probable that it did not deserve much respect 
from those who had to use it for time-keeping 
and were not skilled enough to adjust it to its 
best performance. 

The two earliest clocks known, and still 
in going order, are in the South Kensington 
Museum — one from Glastonbury Abbey, of 
date 1325, and the other from ]>over Castle, 
of date 1348. A sinoilax: clock, made by 
'.Do Vick or Wieck, a German craftsman, for 
Charles V. in 1370, and restored more than 
once, is in the Palais do Justice in Paris. 
All originally belong to the period anterior 
to pendulums. The alternate detention and 
release of the wheel work was provided by a 
crown wheel, engaging successively two pallets 
on el verge ; the verge mxs pivoted parallel 
to the face of the crown wheel ; when the 
wheel was released by throwing out one 
pallet, immediately the other pallet was thrown 
in on the opposite side, bringing the train to 
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rest until the second pallet was thrown out in 
turn in the opposite direction. Thus the 
problem of preventing the train from racing. 



and of maintaining a rocking motion in the 
verge, was solved, hut the sole time-keeping 
principle of this appliance was equality of 
impulse, very faultily realised in early work. 
The rate could be adjusted by shifting pendent 
weights along a foliot or cross-bar fastened at 
right angles to the vertical verge and supplying 
a variable moment of inertia for its rocking 
motion. To control the time-keeping by 
introducing a pendulum which should permit 
or prohibit the release was the practical adap- 
tation by Christian Huygens (1629-1695) of 
Galileo’s discovery of the 
isochronism of the pendulum. 
His Horologium (1658) and 
Horologium Oscillatorium 
(1673) show drawings and 
details of the arrangement of 
wheels and numbers of teeth, 
with crown and verge escape- 
ment carried to a crutch 
which maintains but is con- 
trolled by a pendulum. 
There is further the device 
of continuous cord and 
double ratchet wheels, known 
as Huygens’ going barrel, by 
which the weight can be 
wound up without disturbing 
the going, and if a chiming 
train is added a single weight 
can be made to drive both 
trains. Huygens’ study of the theory led him to 
mathematical developments of much beauty 
and some importance. First, there was the 
proof that for perfect isochronism the pendulum 
bob should swing not in a circle, but along a 
cycloid, with the geometrical description of 
the manner of producing such a motion by 
means of cycloidal cheeks against which the 
flexible suspension of the bob should bear. 
In practice any such device is pernicious and 
introduces errors in excess of what it is 


supposed to remove. His theory of the 
motion of the pendulum led him. also to lay 
down the foundations of rigid dynamics, in- 
cluding a version of the principle of vis viva , 
before Newton had put any dynamical 
argument upon a regular basis. 

The failure of Huygens’ device of cycloidal 
guides illustrates the fact that for clocks the 
theorist must work side by side with the 
craftsman. We owe to an unsurpassed crafts- 
man, George Graham (1674-1751), the next 
two great contributions. Both of these have 
only been definitely superseded in the present 
day. The first is a pendulum compensated as 
to its length for changes of temperature by 
making the rod of steel and the bob a vessel 
containing mercury. The latter expanding 
more rapidly than the steel, nullifies the 
expansion of the latter if its .amount is duly 
adjusted, which may be done by calculation, 
or finally by trial. His other invention is the 
dead beat escapement, described more particu- 
larly below r . Until the introduction of Biefier’s 
escapement, which left the pendulum entirely 
free at the ends of its swing, and with the 
exception of a very small number like Dent’s 
(Airy’s) at Greenwich, and Tiede IX at Berlin, 
all the best clocks in the world still use 
Graham’s escapement. To John Harrison 
(1692-1776), the next in the fine school of 
eighteenth-century English cloclcmakers, we 
owe the introduction of the spring mainte- 
nance, by which the pull of the weight does 
not act upon the train of wheels directly, but 
through a spring. The spring is prevented 
from releasing its tension during the winding 
by a ratchet wheel the click of which takes off 
from the clock frame (see § (7) below). This 
replaces Huygens’ device in key- wound clocks. 
Harrison’s other invention of a compensated 
pendulum with a Cl gridiron ” of parallel steel 
and brass rods, so connected that the former 
expand downwards and the latter upwards 
and the total lengths are adjusted to suitable 
proportions (17 : 11), is a clumsy device, very 
inferior to the mercurial pendulum. An 
equivalent was, however, realised later in a 
good form by Dent, in which drawn tubes of 
zinc and steel enclosing the steel rod effect the 
purpose of the gridiron. 

Of all writings on the clock, none exceeds 
in importance Airy’s theorem 1 that an 
irregularity of impulse at the ends of the 
swing changes the epoch of the pendulum, 
that is to say, its time-keeping directly, while 
an irregularity in the middle of its swing 
changes only the amplitude of its arc. But 
mention should he made of the fact that it 
was partly the problem of air resistance to 
a pendulum rod and its bob that occupied 
Stokes in his researches on the motions of 
cylinders and spheres through viscous fluids, 
1 Camb. Phil. Trans, t 1827, iii. 
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illustrating the fertile stimulus to mathematical 
research supplied by a concrete problem. 

At the present day effort is directed to 
realising, by a better escapement, Airy’s 
condition for equivalence to a free pendulum. 
The manner and degree in which this is 
attained is described more particularly below. 
The cord and drum with their accessories are 
abolished, and the clock rewinds itself by an 
electric contact at suitable intervals. Some- 
times the dial and counting train is com- 
pletely separated from the pendulum and its 
maintenance, forming a secondary “ slave 
clock ” actuated by electric current sent by 
the simplified primary. Compensation of the 
pendulum is much simplified by the use of 
invar in place of steel for the rod. The 
barometric error is met by enclosing the 
movement in a sealed case from which a 
partial exhaustion of the air serves as a 
final regulation of rate. And finally, in 
reliance on the principle of the “ double zero,” 
for the best work the clock theoretically 
compensated against changes of temperature 
is kept under circumstances where the tem- 
perature is constant. 

§ (3) 'Construction op the Pendulum. — The 
chief elements to consider in the construction 
of the pendulum are the method of compensa- 
tion for changes of temperature, the support 
or head, and the form of the bob. Compensa- 
tion for changes of barometric px-essure is 
sometimes also made by an attached feature 
in a method given below, but is usually dealt 
with by sealing the case. Compensation for 
temperature changes is xxow almost universally 
made by the use of invar for the rod, as 
described below, but as there are many 
excellent pendulums in use with other com- 
pensations, these will be first referred to. 
One desirable condition for finer work is that 
the compensating device should be distributed 
as far as possible over the length of the rod, 
so as to counteract effects of stratification of 
the air, a thing very liable to. occur if the 
case is sealed and the circumstances kept 
uniform, as in a special cellar. The gridiron 
pendulum, which meets this condition fairly 
well, is condemned because of its liability to 
twist under expansion and behave irregularly. 
The zinc and steel pendulum (( a ) Fig. 3), in 
which a zinc tube is carried up from the lower 
end of the rod, and is enclosed in a steel tube, 
pendent from its upper end and carrying the 
bob, is not liable to this objection, but the 
tubes with their layers of air form too effective 
a temperature shield of the parts which they 
enclose. The old-fashioned form of mercury 
compensation, (b), In which a steel rod ended in 
attachment to a roomy stirrup which carried 
a tray upon which a glass vessel containing 
mercury rested, shows under experiment a 
much increased air resistance, and what is 


not so obviously to be expected, a rmich. 
increased barometric error. A better form of 
the same construction, (c), employed by Dent, 



Fig. 3. 


enclosed the mercury in a steel vessel of 
cylindrical form with rounded edges, into the 
top of which the pendulum rod was screwed. 
Both are open to the objection that the whole 
compensation is concentrated at the lower 
end, and hence takes place erroneously if the 
air is stratified. Moreover, the thin rod takes 
up its change of temperature more quickly 
than does the massive bob and its contents. 
These objections wei'e in large measure met 
by Riefler (before the use of invar) by making 
the rod a steel tube, 1 6 mm. internal diameter, 
and partially filling it with mercury. The 
bob was then screwed to the rod ; ' it was 
supported at its centre of mass so that its 
expansion became a secondary matter. Somo 
examples are given (1894) to show the excellence 
with which the compensation lias been effected 
with this device in one of his clocks. Gui- 
llaume’s invention of invar has, however, 
abolished the use of the steel rod and mercury 
compensation. The expansion of invar is 
anything from one-twelfth that of steel down 
to zero. Hence a brass tube or collar, pinned 
at its lower extremity to the invar rod, and 
4 or 5 cm. in length or less, will effect the 
compensation. The bob, usually of type 
metal, is carried with its oehtro of mass 
resting on the upper end of this collar; or 
the collar may be dispensed with, and the bob 
carried on a pin through the rod from a point 
below its centre of mass. The construction 
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is here extremely simple and regular. There 
remain, however, the criticisms that the brass 
compensator on the inner part of the bob 
is somewhat shielded against ready com- 
munication of heat, and the whole compensa- 
tion is concentrated at one end. To meet 
the latter objection Riefler cuts his pendulum 
in the middle, uniting the halves by a sleeve 
in which is the compensating device. The 
calculation of the lengths follows from the 
formulae given below. It will be noted that 
the change of the radius of gyration of the 
bob under expansion plays a j>art in it. This 
was first taken into account by Riefler. In 
spite of the theoretical care devoted to the 
compensation of pendulums, there are ob- 
scurities in their performance when serving 
enclosed clocks or exposed to sudden changes 
of temperature. More experimental study is 
wanted. It would be easily practicable to 
make the compensation adjustable in such a 
manner that it could be set by trial after the 
clock was completed. One such method is 
shown below in King's pendulum. 

A lens-shaped form of bob has been fitted 
by some good makers, but a cylindrical one 
is usually preferred, and among cylinders one 
that approaches more or less to the form of 
a sphere because the sphere is the figure of 
least surface for a given content of mass, and 
so may be supposed to reduce skin friction. 
Exactly what way air resistance attacks the 
pendulum has not been fully worked out, but 
it can be verified that even trifling projections 
on the boh increase it materially. The edges 
of the cylinder should therefore be bevelled 
away to avoid production of eddies, and the 
surface given as high a polish as it will take. 
Type metal will take such a polish very well. 

The head of the pendulum and its method 
of suspension require description. Experi- 
ments show that a pendulum, supported by 
steel knife edges rocking upon agate, main- 
tains its arc at least as well as the best spring 
suspension so long as the edges are in good 
order. It is used as an accessory feature, on 
Richer’ s construction, as will be described 
below, but otherwise it has generally been 
rejected on the score that the knife edges 
change with wear, although its features are 
well known in connection with the construction 
of balances, and it presents some distinct 
advantages. Among these, the only motion 
geometrically possible is uniplanar, and any 
desired variation of the arc -equation or 
circular error could be introduced in a form 
not open to objection by suitably adjusting 
the cross-sections of the knife edges and of 
the bed on which they rock. 

Turning to the spring suspensions actually 
practised, there is considerable difference in 
the lengths and strengths of springs employed. 
The lengths range from 1 cm. or more to less 


than half that amount. Even springs 2 mm. 
in length perform well. The spring is some- 
times in one piece, sometimes of a pair. The 
purpose of using a pair is to avoid possible 
buckling when the spring is gripped by the 
upper and lower jambs. But if its use results 



in tolerating a lie of the two springs which 
is not coplanar, nothing is gained. It is 
clasped above and below between jambs, very 
carefully gaged in respect to parallelism, and 
then pinned or screwed together, taking care 
to avoid any suspicion of buckling. The 
lower jambs are arranged to hook with a good 
fit into the upper extremity of the rod, and 
through the upper jambs the cross head 
passes and is secured by binding screws. This 
cross head is usually made circular in section 
and the* pendulum allowed to take up its 
own position with respect to the vertical, 
but Riefler provides for the same end by 
passing two small cone-ended screws through 
the cross head upon the points of which the 
pendulum rests. The clock is adjusted for 
beat by turning these screws. A pendulum, 
by King, whose clock is further described, 
Fig. 4 (b), presents features worth remark. A 
plate is fixed at the bottom of the bob, 
through which a screw bolt passes which is 
fixed to the end of the inner rod. Coarse 
adjustment for rate is made by turning the 
bob, and the expansion of the bob upwards 
more than suffices to compensate the ex- 
pansion of the rod (which it appears in this 
specimen is sensibly zero). The head is 
T-shaped, 2|- inches broad by 3f long, and 
through its shaft the upper end of the inner 
rod passes freely. A number of holes pierce 
the shaft of the T and also the inner rod, and 
a single pin passed through one of them 
supports the pendulum while leaving it free 
to find its direction vertically. The springs 
support the T ; they are 2 inches apart and 
inches long. They are not pinned to the 
T or to the fixed cock, but bear upon them 
with rounded cheeks. By shifting the support- 
ing pin to different holes we have a means of 
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altering at will the temperature compensation 
without otherwise altering the length of the 
pendulum. 

I add here the necessary formulae hearing 
upon some of the cases referred to above. 

§ (4) Period or Free Pendulum. — If 2irjn 
is the period, and l the length of the simple 
equivalent pendulum, so that n == (Z/gr)^, 1 the 
length l is dependent on the variations of g . For 
the seconds pendulum the period is 2 seconds, 
so that l =: g / Helmert’s formula for g 9 

<7=978 03 + 5T8 sin 2 0 — -00031H cm. /sec. 2 , 

where <p is the latitude and H the altitude in 
metres above sea-level, agrees with observation 
generally within about ± 0-02 cm/sec. 2 , sub- 
ject to some anomalous cases of excess. The 
corresponding formula for l is 

2 = 99-095 + 0-524 sin 2 0— 000031H cm; 

Reducing to a table, as regards the latitude 
correction we have 


<!>■ 

l. 

</>- 

L 

0° 

cm. 

99*095 

50° 

cm. 

99-402 

10 

•111 

60 

-488 

20 

*150 

70 

-558 

30 

•220 

80 

*003 

40 

*311 

90 

•019 


The derivation for the formula for n for free 
oscillations in vacuo of a pendulum supported by a 
spring of given strength is given in Proc. P. 8oc. 
JSdin 1918, xxxviii. 85 ; very approximately it runs 

{(d^%s) 2 ^Jc*}n**z*g{d- hsX” 1 coth X} , 

where s is the length of the spring, d the distance 
from its point of attachment to the centroid of the 
pendulum, h the radius of gyration about the centroid, 
and X depends on the spring, viz. 

X=W(W/El E= 1 \ff6c 3 , 

where b , c are the breadth and thickness of the spring, 
and q f Young’s modulus for steel, say # = 2*0 x 10 12 
dynes/cm, 2 X is large for a weak spring and 
diminishes for a strong one. In the usual case, 
for a spring which is short and comparatively weak, 
we may take 

iA 

l~d + <$(! — X"* 1 coth X) + 

a 

With specimen pendulums in common use, X may be 
found fco have values between, say, 1 and 2, and 
consequently the coefficient of s to range from about 
— -32 to -f* -48. Geometrically most of the curvature 
of the spring takes place close to the upper jambs, 
the greater part of its length is nearly flat, and there 
is a second increase of curvature close to the attach- 
ment to the rod, due chiefly to the gyrational inertia 
of the bob. Under maintenance, the behaviour of 
the spring is different. For example, if an impulse is 
given in the vertical position, and above the centroid, 
the initial form of the spring will contain an inflexion. 
Such a difference will make the maintained rate of 
the pendulum different from the free rate. 

1 See “ Simple Harmonic Motion,” Vol. I. 


The oscillations of a pendulum are only isochronous 
for indefinitely small arcs. Taking the case of the 
simple pendulum executing vibrations of semi- 
amplitude a, the equation of motion is 

3 

l \dtJ " 2 ^ COS ^ cosa )’ 


when the time taken, the position ( 0 ), and the vertical 
position is 


we have 


7T 18 


G 


sin 

2 & 
2 

. . B\ 

sin 


II 

1+ 

l 2 . 

. 3 2 

. . a 

2 2 ( 

4 3 

sin' 1 -•+,.. 
2 

3 


.a “1 

32 

pin' 

1 2 + * ‘ * J + 


0 = 7 r gives the half period corresponding to the 
full excursion; t— 1 increases with a; multiplied 
by 86,400 wc have the losing daily rate of a simple 
seconds pendulum swinging with semi-arc a. This 
is the “ Circular Error.” The effect upon time- 
keeping, owing to this cause and arising from a change 
from one arc to another, is found by the difference 
of the rates assigned for the two arcs. The follow- 
ing table is extracted from Proc . 1L 8 foe. 1 Edin., 1918, 
xxxviii. 169. 


a. 

Daily Rate. 

CL. 

Daily Rate. 


secs. 


secs. 




1417 

0' 

•000 

100' 

11699 


46 


1508 

10 

•046 

170 

13-207 


137 


1599 

20 

•183 

180 

14-800 


228 


1092 

30 

•411 

190 

10*498 


320 


1783 

40 

•731 

200 

18*281 


411 


1874 

50 

1-142 

210 

20*155 


503 


1965 

60 

1*645 

220 

22*120 


594 


2057 

70 

2*239 

230 

24*177 


685 


2150 

80 

2*924 

24.0 

20*327 


778 


2241 

90 

3*702 

250 

28*568 


808 


2331 

100 

4*570 

200 

30*899 


959 


2423 

110 

5*529 

270 

33*322 


1051 


2515 

120 

0*580 

280 

35*837 


1143 


2000 

130 

7*723 

290 

38*443 


1234 


2697 

140 

8*957 

300 

41-140 


1325 



150 

10*282 


-• 
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The change of daily rate for change of arc may 
also be taken from the formula 

AT = 10~ 3 x 0 s -9 14 x aAa, 

where a, Aa are expressed in minutes. 

Under the heading of Observed Performance of 
Clocks, some examples will he given later of compari- 
son of these numbers with observation. As a rule 
search in the rates for exhibited circular error is 
unsuccessful- A number of causes may contribute 
to this. In the first plaoe the variations of arc 
offered for examination are small and variable. 
If Airy’s condition (below, § (7)) is not satisfied, 
the escapement contributes an arc-term to the rate 
which is merged in circular error. Finally there is 
the question how closely the equation of motion may 
be identified with the form 

\ ^ 

J ~2rg( cos 0 - cos a), 

from which the theoretical circular error is derived. 
For ordinary arcs the difference between this and 
a right-hand member of the form y(a 2 — 0~) which 
would gi ve strictly synchronous motion is excessively 
slight. Circular motion corresponds to a lift of the 
bob equal to Z(l — cos 6) = — J 5 W 4 * • • . For 

a semi-arc of 100 ', in a seconds pendulum, these 
two terms amount respectively to 0*42 mm. and 
0*30 x 10 ~ 4 mm. The presence or absence of this 
latter term will affect the rate by 4*57 sec. per day. 

It is very desirable that the knife-edge suspension 
of a pendulum, so much simpler geometrically than 
the spring, should he investigated more fully. 
Riefier’s construction shows that it may be used 
successfully in the finest clocks. By giving the edges 
and the bed on which they roll specific curvatures 
any desired coefficient can he given to the term 
in 6 4 . But the effect to be produced is so excessively 
small that the best results would probably be got by 
directing attention to the production of true uniform 
surfaces for the bed and edges, and then keeping 
the arc of oscillation nearly constant., without 
attempting to give specified curvatures, defined in 
advance. 

As regards the compensation of the length against 
expansion by rise of temperature, the condition is 
that the length of the equivalent simple pendulum 
should he unchanged, viz. 

Z = r, 


'd8 
\ dt 


where ju stands for the factor 1 - V 1 coth A. 

In this expression d is the distance of the centroid 
below the point of attachment of the spring ; it will 
consist of a number of length terms, each multiplied 
by a coefficient representing a fixed factor of mass. 
Hence if d is made up of a number of lengths d xy 
and rn c stands for the associated mass -fact or, while 
&d x - . . represents the linear expansion per 1° C., 
the condition to be satisfied is 

A ^ 7 \ 1 f -1 k 2 \ , a - 2 tA fc 
0 = Am. x d x Ad x f 1 - -j, J ~\~fxsA& -f — — . 

In this expression those terms which represent 
masses supported from below, as rising collars of 
brass or zinc, columns of mercury, etc., must be 
reckoned with a negative coefficient. There are 


substantial uncertainties attaching to this calculation ; 
the possible causes for which will have been gathered 
from the foregoing pages. As a result, some of the 
finest clocks are not found to hold their rate under 
changes of temperature. An approximate calculation, 
together with a construction which allows adjust- 
ment by trial after the clock is going, would produce 
more reliable results than are at present shown. 

§ (5) Adjustment op Rate op the Pendu- 
lum. — There are three means available for 
adjusting the rate: (I) by threading the 
extremity of the rod with a screw, upon 'which, 
the bob may be turned in order to raise or 
depress it ; (2) by adding weights upon a tray 
fastened usually half-way up the length of 
the rod, and (3) by altering the barometric 
pressure within the sealed clock case, as 
described in the next section. There are also 
magnetic methods that will be dealt with 
under the heading of Controlled Clocks. 

With regard to (1) from the period equation 

T = Tjg) 


we have 


2T.8Z 
T ~T 


Hence the change in length which produces a 
change of rate of 1 sec. per day is Z/43200 = 
0-023 mm., or say *001 inch, a convenient 
number to remember. As regards (2), if M is 
the mass of the pendulum, and a small mass 
AM is added at a distance h below the point 
of suspension, variation of the formula for l 
on p. 207 above gives 


AMT 

M 7 L d 



The maximum value of the factor of - AM/M 
is given by A = $d(l+k t /d B ), and is \d 
(1+F/ti! 2 ) 2 . The tray is accordingly usually 
placed about half-way down the rod ; but the 
rule is unimportant ; thus for example, 

will only reduce the factor to about 3/1 6dJ. 

.For a pendulum of 7 kg., a gram added on 
a tray half-way down the rod gives a gain of 
rate of 1-55 sec. per day. 

§ (6) Am Resistance and Buoyancy. — The 
presence of air about the pendulum declares 
itself in two features : it is the principal cause 
of the decay of motion, and when the air 
pressure varies, there is a change in the rate 
of the clock, known as the barometric equation. 
Taking the latter first, theoretical researches 
have, as so often, in physical questions, proved 
of greater interest mathematically than 
practically by pointing to a held that was 
worth exploring. They do, however, give a 
rough indication of what effect to look for, 
and the numerical results actually experienced 
are not outside what may he derived from 
reasonable qualification of the strict data. If 
p is the density of the bob, and <x tho density 
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of air, buoyancy would have the effect of 
diminishing the effective weight of the boh 
in the ratio I — o-Jp, At the same time, if the 
motion is taken as parallel to that of a solid 
though a frictionless incompressible fluid 
moving irrotationally, the presence of the 
fluid would increase the inertia of the boh 
in the ratio 1 + kerjp , where the factor h 
ranges from the value £ for a spherical bob 
to 1 for an elongated form approaching that 
of a thin rod. Taking both factors together 
gravity would be effectively diminished in 
the ratio 1 - (k + l)<r//>. Having regard to 
the period equation, 2T = 2irjn = 2vr we 

have 8T/T = — -J -dg/g — -p -f I ) Acrjp, where 
Acr represents the variation in density of the 
ait*. Hence if the clock is running true with 
the barometer at 30 inches, and p is taken 
at the density of lead and h at its least value, 
■J, a rise of barometer produces a losing rate 
per day of 0*26 sec. per 1 inch, or 0*010 sec. per 
1 nun. This is for a pendulum moving in the 
open or in a very large container ; but in fact 
there is often quite a small clearance between 
the case of the clock and the bob in motion ; 
the air currents set up, which can be traced 
by hanging pieces of gold leaf within the case, 
are of a regular reciprocating kind and must 
modify the result numerically. It is easy to 
make some estimate of the degree in which 
they modify it by considering one sphere 
executing small oscillations within an outer 
fixed sphere. The result might add one- 
fiftieth to the value assigned above. Much 
mare material is the interpretation of the 
“ density of the bob.” It may easily be 
supposed that as the figure is not in fact a 
smooth sphere but has at least the projection, 
of the rod and usually others, it will carry 
with it a certain volume of air which must 
be added to its own volume in assigning its 
effective density. The inference is that the 
figure above will be a minimum, and the 
actual value must be ascertained by experi- 
ment in each case. It will be seen from 
the numerical particulars given below (§ (19)) 
that the equation determined experimentally 
may be as much as 0-72 sec. per 1 inch. But 
in assigning it to its cause there are further 
considerations to he applied. An increase of 
pressure is followed by a diminution of the 
arc of swing. The amount of diminution 
depends upon the construction of the case, 
the air pressure within it, and character of the 
maintenance, but may be taken generally at 
about SO" in semi-arc for 1 inch of the baro- 
meter. This variation of are will show itself 
in the rate, through the arc-rate equation 
dealt with below. So far as the arc-rate 
equation consists of the calculated circular 
error, this would tell in a sense contrary to 
the barometric equation, making the clock 
show a gaining rate with the decreased are 


due to an increased pressure, and so far 
annulling the barometric equation. But there 
is again the question of how far the motion 
really follows circular motion, and further 
what is the amount and sign of the escape- 
ment error which combines with the circular 
error to give the entire arc-rate equation. AH 
these points require further study. 

When the clock is enclosed in an air-tight 
case the barometric equation supplies the 
method generally used for altering the rate 
of the clock at will. If the pressure within 
the case is kept normally a few inches below 
atmospheric pressure, a correction of rate 
of ±0*5 sec. per day is easily available in a 
form that ensures no disturbance of the pen- 
dulum when applying it. 

If the clock case is not kept air-tight the 
barometric equation may be corrected by an 
attachment proposed by Robin- 
son of Armagh (Mem. li.A.S., efu, 

1831, v. 125), in which a j 

mercurial barometer of suitable 
bore is fastened to the rod of 
the pendulum (see Fig. 5). In- 
creasing pressure diminishing 

effective gravity in the hob n 1 ' 

induces a losing rate, but at the 
same time by transferring mer- JILL 
cury from the bottom to the (I 

top of the barometer shortens 
the effective length of the pen- 
dulum, and the two causes can 
be made to cancel one another. 

A barometer tube of 1*5 mm. 
diameter would, for a rise of 1 
mm. of the barometer* effect a 
transfer of -012 gr. to the top, 
say at a distance J of the length 
of the rod from the point of 
suspension, and this would cor- 
rect a barometric error of 0*010 
sec. per mm. for a pendulum 
of 10 kg. It could be adjusted 
to an exact balance with the 
observed barometric equation 
by raising or lowering the point 
of attachment to the rod. 

In respect to the frictional effect of air in 
reducing the motion of the pendulum, existing 
theory is of little service. The equations which 
give, say, the steady motion of a sphere through 
a viscous fluid depend upon assumptions that 
the inertia terms are negligible in comparison 
with the frictional terms, and this requires 
that either the size of the sphere or the 
velocities con sidered should be extremely 
minute. If the resistance propo rtionato to 
its velocity thus offered to a sphere of 10 cm. 
diameter is calculated, it would indicate a 
coefficient, corresponding to k/u used below 
(§ (7))? of about one -fiftieth of that experi- 
mentally found present. 

V 



vol. iij 
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In default of a clear guide as to a theoretical 
form around which, observed results may be 
shaped, it is necessary to build up an empirical 
equation from observations. In actual clocks 
the pendulum is subject to loss of energy 
not solely by air resistance but also by the 
work of releasing the escapement. Experi- 
ments show that for the best escapements the 
energy robbed from the pendulum for this 
purpose may be about the tenth part of that 
required to overcome air resistance under 
ordinary circumstances of atmospheric pressure 
and with an arc of about 3°. Leaving this 
part aside, the resistance to a free pendulum 
may be examined by the rate of decay of its 
arc. To obtain good determinations some 
precautions are wanted. First, it may be 
said that no consistent results will be got 
without closing the case of the clock and 
protecting from all air currents except those 
which the pendulum itself sets up. The 
reading is made with a reading microscope 
carrying an eyepiece scale and viewing a 
scale, divided say to 10', carried by the 
pendulum. The carried scale is not visible 
while in motion but comes into view for an 
instant at the end of each swing. With a 
little practice the readings can be made 
exact to as small a quantity as 2". It is then 
found that the logarithmic rate of decrease 
of energy per second may be written 

^ , n / a' \ 2 

E ~*~ p + Q Vi6ov ’ 

where P and Q are quantities which vary 
with the barometric pressure, and a is the 
semi-arc, in minutes, executed by the pen- 
dulum. For a pendulum with a bob 7 kg. 
in mass and cylindrical form, 12 cm. high and 
9 cm. diam., swinging in a cylindrical case 
about 30 cm. diameter, the values may be 
given 

10 4 x P = *75 -P *63 x (barom./30 inches) 

10 4 x Q = -P *27 x ( ibid. ). 

In consequence, a semi-arc of 100' will 
diminish to about 75' in an hour. For a more 
massive pendulum the value of P may be 
found substantially diminished, but will 
always contain a term which is independent 
of the air density. 

The unit of time is 1 sec., so that ir/n = l. 
Thus, for example, for different semi - arcs 
for this pendulum 


a. 

o 

T—i 

X 

hi 


const, term. bar. term. 

0' 

*24 

•20 

50' 

*24 

■23 

100' 

*24 *29 


§ (7) The Escapement and Maintenance. — 
The first function of the pendulum is to permit 


the periodical escape of the counting train, 
and its subsequent locking after advancing 
one step ; and associated with this is the 
function of the train, as maintenance, to give 
an impulse to the pendulum that shall restore 
the motion it has lost between two releases. 
In a modern precision clock the counting 
function of the train is quite subsidiary ; 
it should be quite detached from the action 
on the pendulum ; it may indeed be performed 
by means of an external slave clock controlled 
by the master clock through an electric 
signal. We shall therefore treat the matter 
primarily from the point of view of mainte- 
nance. In describing below a certain number of 
forms of maintenance actually in use, criticism 
of them will be more intelligible if we first 
examine theoretically the conditions for 
correct maintenance. 

These conditions are contained in a theorem 
of which the original form is duo to Airy. 1 
If x — a, cos (n't + e) represents a steady (main- 
tained) oscillation of the pendulum, then any 
irregularity of the maintenance may produce 
changes Aa in the semi-arc, Ae in the epoch 
or phase, supposing n' prescribed by the 
construction. A change in the phase is a 
change in the time-keeping, since it affects 
the moment at which the pendulum reaches 
a prescribed position, say the vertical position. 
A change in the arc will affect the time-keeping 
indirectly through the rate, by the circular 
error or whatever function of the arc replaces 
this in any actual case. Then writing x as 
a solution of the equation 

X -p KX -p 71^ X ™ It, 

where R stands for the maintaining force 
divided by a mass-coefficient, the theorem in 
question runs 


1 f 

Aa= ; I AR cos Tdt, 
n J 

Ae= — a -1 Alt sin rdt, [r = 7l’t -P t]. 


The condition for fixed epoch, Ae — 0, is 
usually compressed into the statement that 
if the impulse is made at the bottom of the 
swing, i.e. at the instant when. r = 0, any 
variation of it represented by AR will produce 
no effect on the time-keeping. But this is 
an imperfect version of the fact. The impulse 
may vary in any way on either side of the 
bottom of the swing, provided only that it is 
symmetrically distributed. Failing such sym- 
metry each impulse produces a change of 
epoch, and the time-keeping will vary if tho 
intensity of the impulse varies. An im- 
mediate consequence is very important. In 
nearly all clocks (before Ricller’s construction) 
the pendulum is connected to the train through 
a crutch. The crutch is a rocking piece 

1 Camb. Phil. Soc., 1827, iii. 105. 



CLOCKS AND TIME-KEEPING 


211 


carrying on one side the anchor or escapement 
proper, and on the other communicating with 
the pendulum, usually by means of a fork 
which encloses the pendulum and is moved 
to and fro by it, and in return conveys the 
impulse of the train to it. It is not clear of 
the pendulum at any part of the swing. It 
constitutes, therefore, a second pendulum of 
an entirely different natural period. Under 
no circumstances could the pendulum proper 
be free at the end of its swing, because it must 
either carry the crutch forward to that point 
or hold it back from going beyond it. Any 
jar, even the residual vibration shown by 
analysis of the vibrations of the ground and 
walls, would be conveyed to the pendulum 
through the crutch at the point of the swing 
where it could affect the time-keeping. 1 
There can be little doubt that the abolition 
of the crutch is the most important element 
in the time-keeping of R-iefier’s clocks. 

The actual maintenance will as a rule 
consist of, first, a loss of energy by the pen- 
dulum while it unlocks the maintenance, 
followed by an impulse which may be variable 
in intensity and may last for a finite part of 
the swing. It is periodic and discontinuous, 
and therefore its natural expression will in all 
cases be in terms of a Fourier series, of which 
the fundamental period is 2T = 2i r/n', say two 
seconds. Of such a series the only terms that 
matter are the first, say A cos n't + B sin n't, 
if we take e 0 = 0 to correspond to the vertical 
position ; it is nearly obvious that these will 
far outweigh in effect their overtones, and it 
may be verified strictly that such is the case. 
Airy’s condition is simply, I! — 0. For any 
given form of maintenance A, B are im- 
mediately determined by the equations 

■n- f 1 '. t r f T 

sA = «•' / R cos rdt, kB = n' R sin rdt ; 

z Jo * Jo 

but in many cases it will suffice to make a 
graphical analysis, by plotting the dis- 
continuous impulse and running a sine curve 
through it by eye, when the value of B may 
be picked up by identifying the result with 
the form 

n't - tan -1 ^ . 

An illustration will bo given under the 
description of the Graham dead-beat escape- 
ment, below. 

The maintained periodic motion of a 
pendulum presents one most essential differ- 
ence from the cases of approximately syn- 
chronous motion met with elsewhere and 
loading to largo amplitudes of vibration for 

1 Airy himself was a ba<l offender in this respect. 

The crutch of the standard sidereal clock at Green- 
wich constructed for him by Dent, with his chrono- 
meter escapement, is particularly massive. 


(A 2 -hB 2 )J cos ( 


small intensities of force. In the case of the 
clock pendulum the period of the impulse is 
strictly identical with the natural period of the 
pendulum. Some difficulty might bo antici- 
pated in solving the equations ; in fact the 
case is very simple, hut it differs in form from 
cases of mere syntony. Write 

a: + kx + n~x — A cos n't + B sin n't. 


where 2 irjn' is the true period of the solution, 
then we have the exact equations 

A 

x ~ rr> sin («/Z + <- 0 ), 


where 


n' /_ , B 2 , Bk 

n \ + A 2 n 2 / “ An’ 


It is often stated that the frictional forces in a 
clock affect the period of oscillation of the 
pendulum only to the second order. This is 
an inference from the expression for the com- 
plementary function Cexp( — £«£) cos (vt + a), 
where j/ 2 = w 2 -|x 2 . We see that this state- 
ment is erroneous. The value of k/h will 
modify the period to the first order, unless 
B=0. Any variation in the value of k/h, as 
by thickening of the oil, or an unsymmetrical 
irregularity of whatever kind, will under the 
same circumstances show itself in the time- 
keeping. The condition B~0 may be read 
as a specification for symmetrical distribution 
of the impulse about the lowest point, showing 
that if Airy’s condition is violated, variations 
of other circumstances may find their way 
into the rate, affecting it in proportion to the 
first order of tlieir magnitude. 

I shall now proceed to a brief description 
of the most important actual escapements. 
It may be premised that these descriptions 
arc not meant for craftsmen to work from. 
Such descriptions aro given in more technical 
works to which reference may l>o made. 
The points to which the following remarks 
are addressed, are first, the intention of the 
appliances used, and secondly, a criticism of 
them as they affect the time-keeping. 

§ (8) Dead-beat Escapism isnt. — The going 
train of wheels ends in a scape wheel of 30 
pointed teeth, undercut so that they bear only 
with their points. Attached to the crutch, and 
therefore rocking to and fro with the pendulum, 
is the anchor which can just permit the scape 
wheel to pass between its pallets, but in actual 
movement holds it up alternately on one side 
and the other. The anchor will enclose a 
apace of, say, seven and a half teeth. The 
acting faces of the pallets are sloped at their 
extremities so that when the swing of the 
pendulum brings this point under the tooth 
of the scape wheel the tooth runs down this 
slope under the action of the train, giving tho 
pendulum an impulse in doing so. Preceding 



212 


CLOCKS AND TIME-KEEPING 


the sloped face is the c< dead ” face of the 
pallet. This is curved, to a centre at the 
pivot of the anchor, so that while the tooth 

of the scape wheel 
is in contact with 
this face, sliding up 
or down with re- 
spect to it, no work 
is done either way 
apart from friction. 
The pieces are set 
out so that the 
middle of the im- 
pulse takes place in 
the vertical posi- 
tion of the pen- 
dulum. When the 
impulse is past the 
train is free from 
control and would 
race 55 if the pallet on the other side were not 
now in position to restrain it. The scape-wheel 
tooth drops on this pallet, just beyond the 
sloped face, and is locked on the dead face. 
By the swing of the pendulum the dead face is 
carried past the motionless tooth in contact 
with it up to the end of the swing and back 
again, until finally the sloped face coming 
beneath the tooth the latter repeats the opera- 
tion of impulse and escape. The scape wheel 
is made of brass, thin and well hardened by 
hammering ; the anchor of steel and the 
pallets preferably of sapphire. The teeth of 
the scape wheel and the pallets are oiled. 
This escapement performs so well that though 
it must now be considered superseded for the 
finest work, only an insignificant proportion 
of the best clocks are at the present day fitted 
with any other. The theoretical features of 
the escapement may be clearly seen by making 
the graphical analysis of the forces called 
out by the method referred to in § (7). 
Lay out t along the axis, and denote by the 
points B, A, B', A' the lowest position, the 
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complete excursion to the right, the return to 
the lowest position, and the complete half 
excursion to the left, respectively. Suppose 
the impulse lasts for 1 ° on either side of the 
lowest position, and the “ supplementary 
arc ” or angle performed after the impulse 
ceases is 1°. With these numbers the impulse 
extends for a time 0*23 see. on either side of 
B or W, and the pallet friction begins soon 
after the impulse is over and is in the opposite 


sense up to the position A (£ = 0*50 sec,), 
after which it is reversed and so lasts up to 
£ = 0*77 sec., when the new escape and impulse 
commence. Taking impulse and pallet friction 
separately and supposing each constant in 
magnitude, the diagrams will run as in Fig. 7, 
The dotted curves show the sine curves of 
period 2 sec., corresponding to the first 
harmonics, which best represent the given 
forces. It will be seen that the impulse may 
be completely symmetrical about the lowest 
point of swing, and the pallet friction only 
fail to be so in so far as the drop of the tooth 
does not come exactly on the point where 
the slope of the pallet begins. But again 
any irregularity of the friction, especially in 
the neighbourhood of A, A 7 at the ends of 
swing, will shift sensibly the zero of the 
second curve, corresponding to a change of 
epoch. • 

The contact of the tooth with the pallet at 
the end of the swing, when the pendulum is 
most sensitive to disturbance of its epoch, is 
the weakest point of the construction, as of all 
constructions where the 
pendulum is linked with 
the traditional crutch and 
fork, which must always 
be made a little loose, 
and oiled, and is so liable 
to variation of action by 
thickening of the oil. 

A much improved form 
employed by Mr. E. T. 

Cottingham may be ap- 
plied with advantage. 

The crutch is made 
slightly overweighted on 
one side and so bears 
constantly on one side of 
the pendulum, and the 
sole connection between 
them is a double-ended 
needle, which may act in Fra. 8. 

jewel cups. This greatly 

diminishes, though it does not abolish, the 
disadvantages of the crutch. 

§ (9) Gravity Escapements.— Every weight- 
driven clock depends upon gravity, but the 
name gravity escapement is reserved for the 
class in which the maintenance of motion is 
effected by a small weight which is picked 
up by the pendulum in its swing, carried to 
the end of its arc and back again, being 
relinquished at a point lower than that at 
which it was picked up ; the train resets the 
weight in its first position ready to be picked 
up again by the pendulum on its return. The 
great feature of this construction is that the 
impulse on the pendulum is independent of 
the force in the train, and therefore it is par- 
ticularly well suited to turret clocks where the 
reserve of force must be large in order to drive 
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the hands in all weathers, and hence would 
be liable, with the dead-beat Graham escape- 
ment, to cause the are to vary widely. The most 
celebrated and best tested of the numerous 
designs is Beckett’s (Lord Grirnthorpe’s) 

Double Three-Legged Gravity Escapement, 

as fitted to the great clock at Westminster. 

The impulse weights are 
two pendent brackets 
pivoted near the top of 
the suspension spring, on 
either side of it ; each 
carries a locking stop for 
holding up the train, and 
a pallet for receiving the 
lift from the train in the 
form of a projecting arm. 

. The scape wheel of the 

f // train is triple, consisting 

v \\ II of two three-legged pieces 

and between them three 
lift pins. To guard 
against possibility of rac- 
ing, a large fly is attached 
to its arbor. The pins 
are in the piano of the 
brackets, and the three- 
legged pieces outside 
them, in the planes of 
their respective stops. The figure shows the 
pendulum moving to the right and just about 
to take over the right-hand bracket which 
is in its upper position, as may be gathered 
from the position of the leg or tooth upon its 
stop. When this bracket is lifted the log 
escapes, the pin lifts the left-hand bracket, 
and then the leg of the alternate piece locks 
upon the stop of this bracket, leaving it ready 
for release when the pendulum returns and 
makes its swing to the left. 

To adapt a gravity maintenance to high- 
precision time-keeping is an inviting problem 
that has often been approached with more or 
less complete success. Among designs actually 
put into operation may be mentioned Tiede 
IT. in Berlin, 1 Gill’s clock at the Cape Observa- 
tory, and E T. Cottingham’a at Edinburgh 
Observatory. 2 The last is extraordinarily 
simple, containing only two moving parts 
besides tlio pendulum. The impulse is given 
once in two seconds. The stops for the crutch 
or gravity brocket are reset by an electro- 
magnet actuated by a contact made and 
broken by the pendulum when it picks up 
or drops the crutch. This feature requires 
careful treatment, but it possesses one remark- 
able advantage, viz., that the signals represent 
absolutely the motion of the pendulum, and 
contain no adventitious element such as is 
inseparable from an indirect contact. 

All these constructions are open to two 

1 Foerster, A sir on. Nar.hr., 1878, xei. No. 2182. 

2 Proc. Roy. Soc. min., 1918, xxxviii. part i. p. 83. 


objections. The weight of the impulse piece 
must ho considerable in proportion to the 
energy it has to convey, since it is only the 
difference of its excursion upwards and down- 
wards that tells ; and as it must not be picked 
up near the end of the excursion it has to he 
done when the pendulum is moving with 
considerable speed, and therefore with an 
impulsive stroke that results in vibrations. 

§ (lO) Tjeie Chronometer Escapement. — J ri 
the chronometer escapement, as finally de- 
veloped for marine chronometers by Arnold and 
E&rnshaw, the balance wheel carries a pin or 
tooth that displaces a detent which holds the 
train locked. As soon as the detent is dis- 
placed the train escapes and gives an impulse 
to the balance wheel. On the return of the 
balance the pin must pass the same point, 
with the detent in its locking position. This 
is effected by making the tip of detent easily 
flexible in one direction but stiff in the opposite 
direction; the detent being prolonged to a 
“ horn,” which is a light steel lever, against 
which, and projecting slightly beyond it, is 
fastened a weak spring made of a strip) of 
gold. In one direction, the pin can readily 
thrust this gold spring aside, in the contrary 
one it thrusts it against the “horn” and 
releases the detent. 

The best-known application of this escape- 
ment to clockwork is the Sidereal Standard 
Clock at Greenwich, constructed by Dent in 
1872, and up to the present day so employed. 
The plan is described in a crude diagram by 
Airy, 3 reproduced by Grimthorpo. The actual 
workmanship of the clock is extremely fine. 
The principle is exactly that of the chronometer, 
substituting for the balance wheel the to-ancl- 
fro motion of the crutch, an arm attached to 
which releases the detent and receives from 
the train an impulse on the pallet. A great 
advantage of a construction involving uni- 
lateral impulse once every two seconds is that 
it permits the adjustment of the moment of 
impulse to any chosen phase of the motion of 
the pendulum, and therefore the satisfaction 
of Airy’s condition for no disturbance of the 
phase. There is also the absence of dead 
friction, but this is in large degree nullified 
by the use of the crutch, the objections to 
which have been given already. A neater 
form than Airy’s for carrying out the same 
idea is shown by Grimthorpo, 1 who at the 
same time recommends discarding the crutch, 
if it were practicable. But a much better 
application of the chronometer escapement 
has been invented and constructed by Mr. 
W. F. King and is in operation at tlio Royal 
Observatory, Edinburgh (Fig. 10). The impulse 
is given at the foot of the pendulum, which 
allows condensation upon a much smaller 

3 Gmnb. Prana., 1827, iii. 105. 

* Clocks , Watches, Bells, 8th ed., 1903, 106. 
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arc. It is given horizontally, upon a stone 
pallet, once every two seconds. This pallet 



with the releasing horn and its gold spring are 
attached to a 44 skate ” carried at the end of 
the pendulum rod, and adjustable laterally to 
satisfy Airy’s condition. The impulse wheel 
has 5 teeth ; its force is conveyed to it not 
directly by the train, but by a hair-spring 
which connects it with the scape wheel 
much on the principle of Harrison s main- 
tenance for ordinary clocks. The scape wheel, 
also of 5 teeth, is driven by the train. Both 
impulse wheel and scape wheel are on the 
same vertical axis, the ai'bor of the impulse 
wheel being pivoted in a recess at the top of 
that of the scape wheel. The escapement 
operates as follows. The pendulum releases 
the detent of the impulse wheel ; the latter 
strikes the pallet and proceeds to release the 
detent of the scape wheel, and then locks 
itself upon its own detent. The scape wheel 
moves forward one step and also locks itself. 
It can, if required, be made to operate an 
electric signal in doing so. The impulse wheel 
is set, say, one complete turn in advance of 
the scape wheel ; when the pendulum releases 
it, it degrades turn, but the movement ol 
the scape wheel that follows sets it up again. 
An impulse wheel as light almost as watch- 
work easily keeps a pendulum of ^about 14 kg. 
up to any ordinary arc of, say, 2° or 3°. The 
pendulum is absolutely free except for the 
brief period of passing, release, and impulse. 
In this form the construction seems very near 
theoretical perfection. 

§ (II) Cttnnynghame’s Escapement. — The 
escapement ( Fig. 11) devised and made by Sir 
Henry Ounnynghame represents the weight- 


driven clock reduced to its limiting simplicity. 
The impulse is given once in 2 sec., a passing 
spring, as in the chronometer escapement, 
opening a small click which then lets fall a 
pivoted impulse arm which gives an impulse to 
a roller attached either to a crutch or directly 
to the pendulum. When the impulse is over 


e 



the arm falls further and closes the circuit 
of an electromagnet which resets it upon its 
click in readiness for the next release. The 
set of the escapement laterally with regard 
to the vertical position of the pendulum 
allows of satisfying Airy’s condition. 

§ (12) The Synchkonome Escapement.— 
This escapement {Fig. 12) described by Mr. 



W. H. Shortt (Patent 9527, 1915) carries out a 
variation of the intention of Cunnynghamo’s 
construction, with so many individual features 
as to constitute a different type. The pendulum 
is connected by a link with the crutch, which 
carries, first, a jewel which effects the release, 
and below it a small roller upon v/hich tho 
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impulse is given. The stone strikes to one 
side or the other an X-shaped piece, releasing 
from its lower extremity the impulse arm 
which rested upon it. When released, this 
arm descends upon the roller and conveys the 
impulse as the roller is carried away by the 
pendulum. The impulse arm then moves on 
and releases from its click a second heavy arm, 
which falls and, in doing so, resets the impulse 
arm on the X in readiness for the next release. 
The heavy arm now moves on and makes an 
electric contact, which in turn sets it back 
upon its click and also serves as means for 
actuating a counting dial or slave clock, or 
working a relay for operating a chronograph. 
The impulse is conveyed to the pendulum 


pendulum is hung by a spring to a cross head 
as usual ; the cross head rests upon a cock 
which is itself not fixed but is pivoted upon 
knife edges, the line of which is supposed to 
follow closely the axis in the spring, about 
which the pendulum would turn. The same 
cock carries the anchor. The train locks the 
anchor in its vertical position, and when this 
is the case the pendulum turns upon its 
spring, suspension being entirely free at the 
ends of its swing ; as it returns from its com- 
pleted excursion to the vertical position, the 
spring becomes straight and ceases to hold 
the pallet of the anchor up against the scape- 
wheel tooth which was locked upon it ; the 
escape takes place, the pendulum and anchor 



without any vibration, and variations of arc 
are in some degree self -compensating since a 
lower arc and slower movement of the pen- 
dulum keeps the roller under the impulse 
piece for a larger part of its fall. Airy’s con- 
dition is, however, not satisfied. The use of 
the link and crutch are open to the same 
objection as elsewhere, and an improvement 
can be made by adopting the connection by 
means of a double-ended needle referred to 
above (under Graham’s escapement), or even 
by abolishing the crutch altogether and giving 
the impulses a little off the axis of the 
pendulum, 

§ (13) Riefler’s Escapement.— This is the 
boldest and most original of all the devices, as 
it is so far the one from which the best results 
have been obtained ; but it is so peculiar 
that one cannot but feel it will ultimately 
bo superseded by something simpler. The 


with the cock rocking upon the knife edges 
with the spring straight until the pallet on 
the opposite side is brought against the 
impulse slope of the scape wheel. The latter 
has also started to move forward under the 
weight on the train ; it engages the pallet 
and forces the anchor back to the vertical 
position and locks upon it. In doing so it 
bends the spring, and this supplies the energy 
required for maintenance. The cycle then 
repeats itself. The weight is a small mass 
pivoted on the axis of the Third Wheel (next 
the scape wheel) and engaging a ratchet wheel 
parallel to this wheel. Every thirty-eight or 
forty seconds it is thrown upwards to a fresh 
position on this ratchet by the operation of 
an el eetro magnet. 

The use of knife edges, generally discarded 
by other experience, is a surprising feature of 
this construction, as are also the movement 
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of the actual cock on -which the pendulum 
rests and the change over in the course of 
the swing from pivoting upon knife edges to 
turning by bending the suspension spring. 
Their success in use would seem to say that 
much the most important condition for good 
time-keeping is the complete freedom of the 
pendulum at the ends of its excursion. But 
it should be noted too that the energy is 
conveyed without any shock or vibration to 
the pendulum. Riefler retains train and dial, 

' but their work is almost completely detached 
from the action on the pendulum. 

§ (14) Recording Time. — The pendulum, 
maintained in motion, divides the day into 
86,400 parts. These parts require, on the 
one side, to be counted off as whole seconds, 
minutes, and hours, and, on the other side, 
the second requires to be subdivided to any 
desired degree. The series of toothed wheels 
which effect the counting is known as the 
train ; it is customarily used at the same time 
for conveying the impulse to the pendulum 
through the scape wheel, and the locking of 
the latter after each escape guarantees that 
the train advances only one step for each 
swing of the pendulum. Or, again, if the 
clock is arranged so that an electric current is 
sent at each heat of the pendulum, the counting 
may be effected apart from the maintenance 
by making these currents actuate the escape of 
a sub-train or dial ; or, again, they may control 
the escapes of a slave clock otherwise driven. 

Consider first the simple train. The tradi- 
tional construction (for a weight - driven 
clock) consists of four wheels, besides a sub- 
sidiary attachment for counting the hours. 
The magnification of motion which can be 

conveniently at- 
tained with wheel- 
work is, say, about 
8 times. Thus if 
the scape wheel 
turns in 1 minute, 
the Third Wheel 
next to it turns in 
7£ minutes, the 
Centre Wheel in 
60 minutes, while 
the Great Wheel, 
upon which the 
weight acts, may 
turn in, say, 12 
hours, but its 
period is immaterial. Then in front of 

the plate and behind the dial two more 

pairs are wanted to count the 24 (or 12) 
hours. The first may reduce the motion 6 
(or 3) times and the second 4 times more ; 
all this part is friction-tight upon the clock 
movement only, to allow of setting without 
disturbing the movement. Or the gear may 
be dispensed with for a 12-hour clock and 


the hour hand driven directly off the Great 
Wheel, recalling that in standard clocks it is 
usual to have the hour hand and minute hand 
upon separate axes. 

The weight is supported by a silk cord or 
gut, which is hung from a fixed point and 
doubled through a pulley, then passed directly, 
or over an idle drum, to the drum of the 
Great Wheel. The latter does not connect 
with the train directly but through a spring, 
which it keeps in a state of compression. This 
spring bears upon the spokes of the toothed 
wheel which is on the same arbor as the drum. 
The toothed wheel is united with a ratchet 
wheel, which takes off from a click mounted 
on the clock - plate. When the weight is 
removed from action during the process of 
winding, the ratchet wheel prevents the spring 
from becoming relaxed, and the movement is 
kept going. This is -Harrison’s maintenance. 

The number of teeth in the train depends 
upon the number selected for the pinions. If 
these are, say, 12, the numbers would run as 
in the figure. If the leaves of the pinions 
are 8 or 16, proportionate changes in the 
number of teeth of the wheels must he made. 
As a rule the finest work would have pinions 
of 16, though not invariably, Riefler em- 
ploying 12. 

Consider the above construction from the 
point of view of time-keeping. Apart from 
the escapement, the errors of which have been 
considered above, the demand on the train is 
that the force in the maintenance should be 
constant. The construction shows the force 
on the teeth of the scape wheel about one 
thousand times reduced from the acting weight, 
putting friction aside and supposing the scape 
wheel about the same diameter as the drum. 
But in fact the friction of the gear, and that 
of starting the whole train from rest each 
second, consume nearly the whole of the energy 
derived from the weight, as will be seen by a 
short calculation. The energy of the pendulum 
being M^/7(l - cos a), this gives for a pendulum 
of 7 kg. 2*3 x 10 5 ergs = 1-7 x 10" 2 ft.-pds., 
for an arc 2a = 3°. When the pendulum swings 
freely unmaintained the arc would fall to 
about § of its original value in an hour, or 
about one-half the energy would bo lost, so 
that the maintenance must supply about 
10 6 ergs, or 0*8 x 10“ 2 ft.-pds. per hour. A 
fine clock might he driven by a weight of, say, 
1 kg. falling through a metre in the course 
of a week, or 6 x 10 5 ergs =4x10” 2 ft.-pds. 
per hour. But as a rule the weight is made 
considerably greater than this. So that stiff- 
ness in the cord, the pulley work, irregularities 
in the wheel cutting, stickiness in the oil, and 
dead friction in starting the train from rest 
at each escape consume at least nine-tenths 
of the force. Any irregularity in these factors 
will find its way to the scape wheel and main- 
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tenance, and will show itself either by in- 
creasing the arc, or in. dead friction, during 
locking. It is evident, therefore, that a train 
of wheels, driven from the slow-moving end, 
is a most undesirable feature in precision 
clocks. The counting train must be preserved 
in some form, but it may be entirely separated 
from the maintenance of the master pendulum. 
It should, however, be remarked that in the 
form in which Riefler’s clocks preserve the 
counting train, it is open to no serious ob- 
jection. The driving is off the Third Wheel, 
by a small weight which is made to spring up a 
ratchet, every 38 or 40 seconds, and the force 
conveyed to the pendulum is a geometrically 
measured bending of the suspension spring. 

As remarked already, the large reserve of 
force which is necessary fpr turret clocks 
makes an essential for good going the use 
of an escapement, such as the gravity escape- 
ment, in which variations of force on the 
scape wheel cannot produce a change in the 
arc of the pendulum. 

Another serious objection is the weight. As 
sometimes constructed it might be regarded 
as a second pendulum hanging from the same 
cock. When it reaches the level of the true 
pendulum, the period becomes the same, and 
sympathetic oscillations are sometimes excited 
which will modify the true period as indicated 
in the theory of the double pendulum. More- 
over, its presence in the neighbourhood is 
liable to modify the air resistance. 

For any subdivision of the second the 
pendulum itself is inapplicable and the ear 
is of little service. In spacing the interval 
between the sounds of two beats, clock-makers 
have the practice of counting, say, thirds of 
seconds, 123123 . . . or fourths, or otherwise, 
until they are satisfied that they are in agree- 
ment with the signals they are comparing. 
But most clock sounds are blunt, or double, 
and the highest practice will not reach what 
can be easily secured with a chronograph, 
provided the clock makes automatically an 
electric contact. When such a signal is sent 
out, as remarked above, the train and dial 
work may be dispensed with and the counting 
effected by control of a slave clock or otherwise. 

With regard to such a contact several 
precautions require to be observed. In the 
first place, it must not foul if run continuously 
every second for several years, so that it may 
not bo necessary to disturb or stop the clock 
prematurely in order to attend to it. This is 
effected, first, by keeping the current as small 
as possible, that is, enough only to work a 
relay or control. For such a purpose 15-20 
inilliamps. suffices and this should not he 
exceeded. In the second place, the current 
density should be reduced by making the 
areas of true contact amply large. Where 
suitable two large faces of hard carbon 


smoothed almost to a polish will be found to 
work well, but as a rule the best form is a 
platinum nose striking on a platinum face. 
It will hammer itself a suitable bed. If the 
bed is not fixed but held to its place by a 
spring which yields a little under the blow, 
there is a slight rubbing of the surfaces in 
contact which is an advantage, but this is 
not essential. Further the usual devices for 
suppressing the spark that occurs on break 
should be applied, namely a condenser bridging 
the gap and a non-inductive shunt as a bye- 
pass, either connected in parallel with the 
electromagnet or bridging the gap. One or 
other may be found sufficient but both are 
preferable. The condensers sold for telephone 
work, if 1 or 2 mfd., are suitable for the purpose, 
and the resistance of the shunt may be found 
from trial, but may generally be taken at, say, 
5 times the resistance of the inductance. 

When the contact is not required for con- 
tinual use, but can be attended to on each 
occasion, mercury may he used. A platinum 
point carried at the tip of the pendulum passes 
at each swing through a bead of mercury. 
The difficulty of presenting a clean surface 
is met by the device shown. A little fresh 



mercury from the beaker is poured into the 
cup, the foul surface overflows and is replaced 
from below, and the overflow is caught in the 
receptacle beneath. A contact of this sort 
may be used, for example, with a heavy 
pendulum and no maintenance, to send 1 sec. 
signals, sensibly, for a couple of hours. In 
all questions of fouling contacts it will, be 
remembered that it is the positive pole of 
the contact that suffers, becoming burned 
and pitted by the negative ions. 

In actuating the contact from the movement 
the point requiring attention is to avoid 
prejudicing the time - keeping. This is 
attended to in 'Various ways: (1) Contact 
directly from the pendulum has the great 
advantage that the signals sent out are truly 
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spaced seconds, without any accidental and 
variable addition, such as the use of any 
secondary device will introduce. It entails, 
of course, an impulse on the pendulum, which 
must be regarded as variable, hut this will 
not affect the time-keeping, if occurring in 
the vertical position. Such a case is that of 
the bead of mercury contact just described. 
A fitting suitable for permanent work is a 
platinum contact, as described above, actuated 
by a small roller, e.g, a watch balance, carried 



on the pendulum and striking each swing 
against a stone carried by the lower spring 
of the contact. The stroke throws this piece 
up clear of the wheel, and into contact with 
its opposing spring. A pair of set screws 
regulates a suitable position. 

In Cottingham’s clock the current was 
carried through the pendulum and out through 
the gravity arm which it picked up. Some 
difficulty was found in keeping the contact 
faces in good order. Otherwise from the 
point of view of time-keeping the arrangement 
is not open to criticism. In these forms the 
zeroes of the minutes must be marked by a 
supplementary device in the counting dial, a 
suitable form for which is given in § (14). 

If the contact is not made directly through 
the pendulum the signals will differ from 
true seconds by accidental amounts repre- 
senting the inequalities of working of the 
secondary appliance which is used. These 
amounts may run to about ± -003 sec., but 
generally not more. This is the case with the 
Synchronome clock, where the pendulum 
releases the impulse arm, the latter releases 
the remontoire, and the remontoire finally 
makes the contact which resets it and also 
serves as signal. It is also the case with 
Kiefler’s contact. Here a wheel of 30 
teeth or slopes on the scape-wheel arbor 
— one of which is filed away to mark the 
zero — alternately lifts out of contact an arm 
carrying a face which rests against a nose, 
and lets it fall back into contact with the 


nose. The contact is on and off alternately 
for periods of about an entire second. In 
all the other forms the duration of the contact 
is brief, it may be about 1/20 second. A 
form of contact which may be fitted to a 
scape-wheel arbor is a tilt hammer form 
similar in principle to that described above 
for direct pendulum work, except that it is 
actuated by a wheel of 60 teeth (minus one) 
fixed upon the arbor. These teeth striking 
the stone make the contact in the same way 
as the roller already described. The set of 
their contact requires to be carefully adjusted 
and should be provided with a double slide 
for the purpose. The stroke should take place 
between the impulse and the fall of the 
scape -wheel tooth on the dead face of the 
pallet. During this interval (which is very 
short) the train and scape-wheel are com- 
pletely detached from the pendulum, and the 
going could only be affected by the restraint 
the contact makes, in so far as it changes the 
point at which the tooth encounters the dead 
face. 

In connection with contacts it may he 
remarked that a mercury and platinum 
contact which would spark actively and foul 
quickly if open will remain permanently 
clean if covered with paraffin, but this is 
usually not practicable for clock work. 

When it is desired to mark the zeroes of 
the minutes by omitting one second-signal 
in sixty, a device that may usually be applied 
is the following. A light wheel of brass with 



flat rim is fixed on the scape-wheel arbor ; 
one-sixtieth of the circumference is cut out 
and replaced by ivory or any non-conductor. 
The current is led through this wheel by a light 
trailer, and out again by a second trailer on 
the arbor. The advantage of this construction 
is that the friction required for its operation 
is uniform. 

The next section deals with the chrono- 
graphic systems of recording the signals 
provided upon a tape or otherwise, and a 
later one upon the use of the signals for 
actuating controlled clocks, whether mere 
dials or slave clocks. 

§ (15) Chronographs. — J ust as we introduce 
the pendulum in order to subdivide the day, 
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so we must introduce another subsidiary 
mechanism in order to subdivide the second, 
and parallel questions will arise as to its 
reliability, though not so far to the same 
degree. Attempts to subdivide the second 
by the senses, without the use of a mechanism, 
are very unreliable. It is not clear what they 
depend upon. Certainly the ear is very easily 
misled by interfering sounds. Co-operation 
of two senses, as tapping seconds with the 
hand while following the beat of the clock 
either by eye or ear, are still less to be trusted, 
or, again, timing by a stop watch. Apart 
from the fact that the signal taken cannot be 
very brief or it will not be perceived at all, 
the senses are not co-ordinated strictly, nor 
is the lag between their operation constant, 
even in the same individual. Such methods 
should never be trusted to an accuracy 
beyond 0-1 sec., and they will show large 
occasional variations in excess of this. 

To get the best results from sense percep- 
tion, we note coincidences of two beats 
which overtake one another. When two 
sounds are sharp, single, and exactly like 
one another, a separation between them of as 
small a matter as 0-01 sec. can be perceived 
by ear. A slight thickening of the sound 
as they fall out of agreement is immediately 
sensible. This is the standard method of 
taking mean time. The error of the sidereal 
clock being taken from the stars, a coincidence 
of the beat of the sidereal clock and mean time 
clock is observed. When both clocks are 
going correctly this recurs every 365 (or 366) 
seconds. Both times must be noted, but this 
is easily done by noting how many seconds 
the sidereal dial is going to be behind the 
mean time dial at its next coincidence, and 
then attending merely to the sounds. When 
the coincidence is judged to occur, a glance 
at the one dial will then suffice to tell the 
coincident seconds on both. But difficulty 
arises from the beats being seldom identical 
and never single. If listened to closely, the 
three necessary elements of escape, impulse, 
and locking may usually be heard distinct 
from one another, or blurred together, and 
this confuses the perception. It will be 
found particularly difficult to compare one 
tick in a telephone receiver with another 
outside it, as is necessary if the clocks are 
not side by side. In all cases where it is 
possible to do so, reliance should be reserved 
for some self-recording mechanism. 

There arc numerous devices for giving very 
short intervals of time, familiar in photo- 
graphic work, like the focal-plane shutter, in 
which no co-ordination with the clock and 
time-keepers is wanted. These are not 
considered here. What wo are engaged upon 
is marking specific fractions of specific seconds, 
taken from the clock. For this purpose they 


fall under two heads : (1) Chronographs 1 giving 
records that may be read to 0-01 sec., but not 
beyond ; (2) Microchronographs, for smaller 

intervals. 

The former class works mechanically and 
requires to be robust, the moving parts 
possessing substantial inertia. Hence it 
cannot be operated directly by the small 
clock current (15 milliamps.) but requires the 
introduction of a relay. The best form for 
such a relay is a slave clock controlled by the 
primary clock, and carrying a contact maker 
on its pendulum, such as has been described 
above. When this is not available, the 
ordinary polarised relay of the Post Office 
type will be found to work steadily with less 
than this current and to give good results. The 
current required on the secondary circuit may 
be. about 0-3 amp. The contacts will require 
occasional cleaning and should not be difficult 
to get at. It must be remembered that any 
type of relay introduces a possibly variable lag ; 
the determination of lag will be considered later. 

The principle of the chronograph is to 
measure time by the help of uniform motion, 
as in rotating a drum, or feeding out a fillet 
of paper. Every second the clock marks the 
paper, and therefore to read correctly the 
time of an intermediate mark, the going need 
only be smooth over that second ; as a matter 
of experience, even when the driving is below 
its best, this standard is very easily attained 
to 0-01 see. It is, moreover, easily verified. 

In the drum chronograph the drum revolves 
once a minute, and concurrently the marking 
pens progress alongside it, by means of a 
screw, marking spirals of fixed pitch upon it. 
One of these pens marks the seconds, the end 
of the minute being shown by omission of a 
mark, and another records the signal which 
it is required to time. When the motion is 
regular the marks for given seconds in different 
minutos will lie along straight lines, and the 
counting of minutes is easily performed ; 
moreover, the original sheets are convenient 
to preserve. More compact in construction 
is the fillet chronograph in which the marks 
are received upon a paper tape, which is fed 
out uniformly. It is also more convenient 
for occasional use, whereas a whole hour’s 
record sheet must be detached at once from the 
drum ; the run. is verified and the seconds 
counted by passing the tape across a board 
marked by a taper scale of 60 lines, which 
slope towards one another to allow for fitting 
to the momentary rato of driving. The fillet 
is less suitable to preserve and consult than 
is a sheet from a drum. On either of these 
systems the actual marking of the seconds 
and signals may be done either by pens or 
by prickers. The actuating piece is an 
electromagnet, made live by the current 
1 See “ Watches and Chronometers, Rating of.” 
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from the relay or otherwise. When a pen is 
used, it may either trail continuously, being 
drawn aside shai'ply at the signal, or it may 
strike the paper and mark a dot. The dot is 
preferable for accuracy. A much sharper 
dot is made by employing a pricker in place 
of a pen, but the construction of the arm 
and head requires alteration, otherwise the 
pricker will hold up the run of the paper. A 
correct construction is shown 
in the figure: a is the arm 
moved by the signal ; the 
needle b is carried by a piece c, 
1 d in a way that 
allows no lat- 
"X oral motion, 
and provided 
with a tail or 
counterpoise e 
Fxa. 18. which nor- 

mally holds 

the piece against a stop f; g is the drum 
which carries the paper fillet. With a pricking 
chronograph well constructed, coincidences of 
mean time and sidereal clock can be read 
usually with no uncertainty to 2 secs., that 
is, the time may be compared to 0-005 sec. 
The following represent an ordinary test of 
such a chronograph, to verify that it is in 
good order, by taking successive hourly 
coincidences of a solar clock (R) with two 
sidereal clocks (S x , S 2 ). It will be remembered 
that the comparison requires a calculated 
conversion, the figures for which in the 
Nautical Almanac only run to 0*01 sec. 


The column <c calculated ” represents a smooth 
run. Comparison of observed and calculated 
for — R indicates no fault; that for — R 
is less satisfactory, but points to irregularity 


in the clocks as much as in the chronograph, 
within the period of comparison. Chrono- 
graphs have been constructed which, print 
to 0*01 sec. the time of a signal. One of 
these, at .Paris Observatory, is described in 
Bulletin Astronomique, xxii. 270. Another 
was designed by Professor G. W. Hough, of 
Dearborn Observatory. It contained two 
driving clocks, one marking minutes and 
seconds and moving forward step by step 
and as the clock signal was sent ; the marking 
was made by figures engraved in relief upon 
two wheels over which a paper fillet and inking 
ribbon were passed. The third wheel, marked 
with the figures 00, 02, ... 98 for the 

hundredths of seconds, alongside the two 
former, was driven independently and ran 
continuously, controlled first by a centrifugal 
governor set so as to always run a shade 
fast, and finally by a brake or check, opened 
each second by the clock signal and connected 
through a spring with the arbor of the going 
wheel. The signal to be recorded actuated a 
large electromagnet, which threw down three 
hammers that impressed the paper on the 
type wheels. The stroke was very rapid so 
as not to hold up the wheels. The instrument 
could be verified by making the clock print 
its own signal ; the outcome being a small 
correction due to be applied to the readings 
of any other signal. In the case of a duplicate 
instrument used at Durham Observatory, 
these verifications showed completely satis- 
factory performance. 

All methods with mechanical chronographs 

introduce lag, owing to 
their inertia, and are, 
moreover, limited in 
accuracy to about 0-01 
sec. For finer work, 
and for the important 
necessity of measuring 
lag with precision, 
other devices must be 
employed. 

One of these is the 
method of the time 
vernier, by which a free 
pendulum is loaded so 
as to gain, say, 1 beat 
in 50 upon each of two 
sep arate pen du 1 u m s, 

the lag of whose beats 
upon one another it is 
desired to find. By 
taking repeated deter- 
minations of the co- 
incidence of the vernier 
beats with each of the 
other two in succession, their separation can 
be found. But often there may bo a great 
difference between the sounds, that will make 
any determination by ear to 0*01 sec. uncertain. 
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This method is employed very successfully 
in the W.T. “ scientific ” time signals sent 
out from the Eilfel Tower. The two beats to 
be compared are those of one’s own clock with 
that of the Observatory of Paris, the correction 
of the latter being given. The wireless signals 
are the vernier gain about 1 in 50 ; the 
coincidences are taken by the observer for 
his own clock, and at Paris for the Paris 
clock ; each coincidence alone allows only 
the determination of the respective clock 
time of (say) the beginning of the vernier 
signal ; but as Paris immediately makes this 
calculation and issues the result by W.T., 
the observer’s calculation by comparison will 
give his lag upon the Paris clock, as corrected 
for its adopted error and rate. 

Two other devices for measuring the lag of 
two clock beats are described in a paper by 
Gen. Ferric, 31. N., May 1920. 

Unquestionably the best method for fine 
works, allowing also comparisons with a clock, 
which are free from uncertainty to 0-001 sec., 
is an adaptation of the Einthoven galvano- 
meter, or oscillograph, to continuous time 
work. 1 The virtue of this instrument is that 
the faintest currents can be made to yield 
mechanical effects such as the rotation of a 
mirror, because the work called for is drawn 
from the strong supei'posed magnetic field. 
Moreover, the instrument, properly con- 
structed, is absolutely dead beat and free 
from lag as between one signal and another. 
The original signals of the clocks may therefore 
be used ; indeed it is possible to measure 
the inequalities of the signal seconds corre- 
sponding, say, in Picfler’s clock, to in- 
equalities in the teeth of the scape wheel, and 
to recognise the accidental uncertainties of 
signals not taken directly off the pendulum. 
Moreover, all lags may be measured without 
personality or other uncertainty by arranging 
a contact to be made just at the point which 
it is desired to record. For this class of work 
an absolutely reliable sub-process converting 
time into recorded movement is essential. 
Any mechanical drive, such as a motor with 
Helmholtz governor, cannot bo trusted without 
verification. Such a motor is used for moving 
the photographic film or paper past the 
recording spot of light, but the sub-standard 
actually relied upon is a vibrating tongue 
or a tuning-fork. A tongue, beating 0-1 sec., 
may be run unmaintained and will continue 
to make good occultations of a slit for, say, 
two minutes with complete uniformity. 

As a specimen of results obtained from the 
microchronograph the following may be quoted, 
relative to the lag of the tick produced by 
the pendulum of a controlled clock, upon the 
signals sent out by the master clock Riefler 
( l.c . p. 609). The signals from Richer for 
1 Of. Sampson, Monthly Notices R.A.S., June 1918. 


individual seconds are unequally spaced and 
require an allowance which was separately 
determined : 


No. M. 
Second. 

Lag of Tick. 

Uncorrected. 

Corrected. 


secs. 

secs. 

1 

+ •147 

+ •147 

3 

•153 

*146 

5 

■156 

*145 

7 

•154 

•145 

9 

•158 

*146 

11 

•157 

*146 

13 

•150 

•147 

15 

•149 

*147 


The lag determined in this way on different 
days shows variations, some of which were 
deliberately produced by reducing the control- 
ling current from 10 to 6 milliamps. 


No. 

Lag. 

No. 

Lag. 

No. 

Lag. 

A 

secs. 

+ *168 

F 

secs. 

-(-•1(30 

K 

secs. 

+ *155 

B 

•164 

Gr 

•154 

L 

•172* 

C 

•160 

H 

•159 

M 

•146 

D 

•160 

I 

•193 * 

N 

•145 

E 

•157 

J 

•159 




* Controlling current reduced. 


It cannot be doubted that the audion valve 
has an important future in timing work and 
in maintenance, as in so many other regions. 
Its perfect response to stimulus, freedom from 
lag and power of amplification point to it as 
an ideal relay when certain difficulties are 
overcome. The chief of these is the reduction 
of the natural high period by introducing 
sufficient inductance and capacity into the 
circuit so as to make it synchronous, or nearly, 
with the slow movements it is convenient to 
employ for time measurement. M. H. 
Abraham has, however, illustrated it by an 



experiment so simple that he employed it 
in his lectures at the Sorbonne. 

The pendulum, about 50 cm., carries a bob 
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in the form of a horseshoe magnet, of about 
300 gr. 

The poles swing into the cores to two sole- 
noids, wound to as high a resistance and as 
many turns as practicable, say several thousand 
ohms. One of these solenoids is in the grid 
circuit, and the other in the plate circuit. 
The former is excited by N pole of the magnet, 
and responds by exciting the circuit which 
comprises the other, which in turn acts upon 
the S pole, the whole constituting a negative, 
resistance ; the pendulum will gradually set 
itself in motion, and maintain itself energetic- 
ally. 

A very similar arrangement has been used 
by Mr. F. E. Smith for maintaining the vibra- 
tions of a tuning-fork. Ordinary methods of 



maintenance, as by the make and break 
employed, e.g. for electric bells, spoil the fork 
as an absolute time register, because the 
impulse acts towards the end of the excursions. 
If the poles of a large permanent magnet are 
shod with soft iron projections, directed to- 
wards one another and these wound as cores 
to solenoids, which are connected to the lamp 
circuit as indicated, a tuning-fork set vibrating 
between them can be maintained in motion 
which stands the most searching examination 
for regularity. With suitable inductances and 
capacities, frequencies as low as 30 per second 
are manageable. 

§ (16) The Arc op Oscillation. — The arc of 
oscillation plays a secondary part only in the 
time-keeping, but it is important enough to 
require express treatment, in addition to the 
numerous remarks already made regarding it. 

Following the theorem of § (2) on the effect 
of an irregularity in the impulse upon semi-arc 
and epoch of oscillation : 

Aa = —, f Alt cos rdt, 

A<r= / a -1 AR sin rdt, [r—n't + e 0 ], 
7l J 

we see that the conditions for constant arc and 
for lixity of epoch are independent and to 
some degree complementary, the latter re- 
quiring in Alt symmetry about r=0, and the 
former symmetry about r = 7r/2. It is there- 
fore not possible to assign the going of the 
clock by examining the arc alone, since this 
could not reveal any change of epoch, but it 


requires to be studied because a change in arc 
will produce a change in rate owing to lack of 
perfect isochronism in the pendulum. It is, 
moreover, the only external feature of the 
going that is open to measurement. 

The direct effect of variation of arc upon the 
time-keeping may be written 

AT = CaAa, 

where C is a constant ; if AT stands for 
seconds per day, and a, Aa are measured in 
minutes of arc, then as given in p. 208 above, 
for pure circular error, C = 10 -3 x 0-914 sec. 
But this cannot be counted upon, and for 
each particular clock the coefficient 0 would 
require to be determined by experiment. 

We notice that for a given change of arc, 
Aa, the variation of rate increases in propor- 
tion to a ; but aAa varies as the increment of 
energy. Hence for a given increment of 
energy, the variation of rate is the same 
whether a is large or small. It is therefore 
not clear whether the time-keeping would be 
better for a small arc or a larger one. 

Referring to the equation shown on p. 211, 
x — A/ku' sin (n't + e 0 ), we see that a = A /ten', 
and the arc can vary either in proportion to 
variation of the impulse, or inversely as the 
frictional coefficient tc. The commonest cause 
for producing the latter is change of barometric 
pressure. When the barometer rises the semi- 
arc diminishes. For an arc of about 100', 
experiments have shown, for Riefler’s clock, 
Aa = -3-1" per mm. (-77" per 1 inch), and 
for the Synchronome clock, Aa= - 1-2" per 
mm. ( - 31" per 1 inch). The difference is due 
to the escapement of the latter clock, which 
automatically compensates in part for a falling 
arc. These changes produce a change of rate 
through the circular error, or its representative 
AT = CaAa, and thus, pro tanto, compensate the 
barometric equation ; the observed change of 
rate for change of barometer is the residual 
when they are deducted. The observed values 
for the two clocks are H- -41 sec. per 1 inch, and 
+ -37 sec. per 1 inch. If we calculate from the 
theoretical circular error, the numbers above 
would give respectively -12 sec. and -04 sec., 
which would require to be added to what was 
observed, in order to get the pure effect of the 
barometer. It has been suggested that an arc 
could be chosen, so that the observed baro- 
metric effect was completely annulled by 
associated change in circular error ; but the 
proposal is evidently illusory, since the required 
arc is too large. 

Variation of arc may also affect the rate in 
another way. If the coefficient B of p. 211, 
which measures the phase by which Airy’s 
condition fails to be fulfilled, is dependent 
upon the arc, as it may be, any variation in 
the latter will produce a change in B, and 
therefore in 2i rjn', the period. But there are 
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no observational data at present available on 
this point. 

The traditional method of reading the arc 
by means of a fixed scale, with a pointer 
carried by the pendulum, is rough, though by 
using an eye glass and taking precautions 
against parallax it can be made good to about 
0*3'. A reading microscope can be made to 
reach about ten times this precision, giving 
consistent readings to 2 ". A suitable arrange- 
ment is shown in the sketch. The scale is 
carried on the pendulum, and its excursions 
are noted on the focal scale carried in the 
microscope. This microscope is placed by 
Riefler inside the case, but it is better outside 
it. No difficulty will be found in obtaining a 
sufficiently good image of the vertical lines of 
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the pendulum scale given through the unpre- 
pared glass cylinders in which some clocks are 
encased, but of course a good plane window 
is better. 

When read in this manner, the variation of 
semi-arc in the best clocks, kept under circum- 
stances of constant pressure and temperature, 
will be found to reach a range of about ± 15" 
within a week, and exceptionally twice as 
much, the full semi-arc being taken at about 
100'. 

A convenient position for the scale may be 
86 cm. from the point of suspension of the 
pendulum ; a pendulum scale then divided at 
spaces of 2*5 mm. shows 10' intervals. Taking 
unit magnification at the object-glass of the 
microscope, the eyepiece scale would show 1 ' 
divisions when ruled to 0*25 mm., and, in 
proportion, less for closer ruling. Only the 
variations of arc are read in the microscope ; 
coarse readings to 10 ' or so are made by eye 
directly. 

§ (17) The Double Pendulum. — -The mutual 
influence of two pendulums upon one another 
was first observed by John Ellicott . 1 Two 
clocks, identical in pattern, with 23-lb. pen- 

1 Phil. Trans., 1739, xli. 126-135. 


dulums, and capable of moving with arc of 3° 
under a weight of 3 lb., were made to exhibit 
the now familiar phenomena of beats by setting 
the cases near one another upon a floor, with 
a light post just tight enough to support its 
own weight between them. When set going 
with normal ares, the one arc would increase 
to as much as 5° and the other diminish until 
the movement ceased to escape, but would 
afterwards increase again at the expense of 
the first, and the going of the train would be 
resumed. By starting the two clocks with 
large arcs, both were kept going continuously 
for several days. Disconnected, No. 2 gained 
on No. 1 , 1 min. 36 secs, per day. Connected, 
they moved together. No. 1 gaining 1 min. 
17 secs, per day on its original rate, and No. 2 
losing 19 secs. 

It is evident that corresponding effects must 
show themselves, in proper degree, wherever 
two vibrating systems have an elastic con- 
nection. In particular, the rate of a pendulum 
will be dependent upon the stiffness and the 
mode of fixture of the cock that carries it. 
The effect of suspension, deliberately varied, 
upon the going of a chronometer, has been 
given with admirable clear- 
ness by Lord Kelvin (Popular 
Lectures , ii. p. 360). The 
discussion below follows 
nearly upon his lines. 

Take as model of the 
system a particle M sus- 
pended by a thread of length 
b from a particle m y which 
is suspended from a fixed 
point by a thread of length a . 

Let B , <p bo the inclinations 
of the threads a, b to the 
vertical ; then for the execu- 
tion of small vibrations the 
kinetic and potential energies, T, V, are given, 
say, by 

2T = Ad 2 -h 2/x0<}> -f- 

2 V = 7T<9 2 

where 

X = (m + M)a*, ju = M ab, u = M b\ 

7 r = (m -f M )ag* cr = M bg m 

Here the special character of the model con- 
sidered is expressed by the relation X/g, 
and if this relation is not used the conclusions 
will be quite general. The coefficient of 
0<j> is absent from the expression for V owing 
to the choice of datum from which <p is 
measured. 

Let 0 = A sin pt, <j> = B sin pt be a principal 
mode of vibration ; the characteristic of a 
principal mode is that the magnitudes of 0 , <56 
bear a fixed ratio to one another throughout 
the motion. If A : B is positive, their co- 
ordinates By <f> move in the same direction ; if 
it is negative, their directions ax'e opposite. 
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Then we have the equations 

A[ — \p 2 4- 7r] — BjUp 2 = 0, 

— A/xp 2 -t-B[ - pp 2 + cr] =0, 

giving the two principal modes corresponding 
to the roots of 


The case discussed by Lord Kelvin, of a 
chronometer suspended with dial horizontal 
by a pair of threads of length l is given by 


A=MK 2 + m/c 2 , 

(M 4- m)gr 2 

7r _ l ’ 


p = 7nk 2 9 v = nik 2 , 
<r = S, 


(\p 2 - ir){yp 2 — <t) - /x 2 p 4 = 0, 

the associated ratio A : B for each mode follow- 
ing by substituting the value of p 2 in either 
of the equations above. Let 




so that p Q9 p x are the frequencies of the separate 
systems in which (M, h) or (m, a) are respec- 
tively suppressed. 

Then the equation for the frequencies p is 

(p 2 - p Q 2 ){p 2 - Pa 2 ) - = 0. 

This shows that the two roots p 2 are outside 
the values p 0 2 , p x 2 ; the greater value of p 2 
exceeding the greater of them, and the smaller 
value falling below the less. 

For the greater value of p 2 , corresponding 
to the more rapid mode of vibration, the ratio 
A:B is* negative, and the two co-ordinates 
move in opposite senses ; for the less value 
of p 2 they move in the same sense. 

The quantity p 2 j\v in the concrete example 
or model from which we 
started depends only on 
the masses and is equal 
to M/(M-bm). It may be 
taken as ranging from 
zero up to unity according 
as we approach the limits 
when m and M respec- 
tively dominate the con- 
struction. The ordinary 
case of a pendulum sus- 
pended from stiff, massive 
cock would be parallel 
to M/m small, and p Q 2 
large. 

The case of a massive 
pendulum, whose rota- 
tional inertia must be 
considered, suspended by 
a thread or weak spring (a) 
attached at a distance A 
above its centroid, gives 



X = M a 2 , /x=MaA, v =M(7i 2 +&*), 
7r = Mg a, a — Mgli, 


so that 


A 2 


6L 

X* “ A 2 + A 2 * 


which will approach the value 1. 


in which MK 2 , mb 2 represent respectively 
the moments of inertia of the chronometer 
and of its balance 

wheel, 2 r is the /y^///x//xy//y///yy//yyx/y 
distance between 
the points of sus- 
pension (the threads 
being vertical), and 
S depends upon 
the balance spring ; 
the two co-ordinates 
are the angle of 
rotation of the 
chronometer, and 
of its balance 
relative to the 
chronometer, re- 
spectively. 

Here 

p 2 j\v 

= mh 2 /(MK 2 + mb 2 ) 9 

and is a small 
quantity. Consider 
first the second 
case, -with rotational 
inertia and a weak 
suspension. Here 

and the two roots are 
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Po 2 +Pl* 


and 


where 


P 


Po 2 


fx 2 jXv 
2 

^P?T Pl 2 ’ 
a „ h 2 + h 2 
9 ’ Pl —hT' 


P 2 Pi 


The first of these will represent a very 
rapid oscillation of rod and thread suspen- 
sion in opposite senses ; the second, giving 
p 2 =g/(a+h+ h 2 lh) will he recognised as the 
characteristic frequency of the pendulum. 

Now take the case jx 2 /\i> small. The two 
roots are 



p- “=t2>0® 

fi +^ 2 _ rl I 

and 

P 2 ^rP i 2 

pa-1 

- ^Pl 2 ~Po 2 J 

provided 

Po 2 ~Pi 2 is not small. 


The two 


— -- j ~ ~ wlv - M 71 * 

but always from beyond, not from between 
them. If the cock from which the pendulum 
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is hung is not perfectly stiff, that is, if p 0 2 is 
large but not infinite, the frequency that is 
recognised as that of the pendulum will be 
given by 3? 2 %Pi 2 [1 - jufi/X v p x \p 0 2 ], and there- 
fore the clock will lose if the support becomes 
less rigid. There will also be a rapid vibra- 
tion appi'oaching the frequency of the cock, 

Z> 2 ^p 0 \l + fA 2 /\v]. 

If the suspension is made less stiff, as, for 
example, by hanging a chronometer by two 
cords, the lengths of which are increased (or 
their points of suspension brought nearer one 
another), then £> 0 2 may be thereby diminished 
until it approaches p x 2 and passes it. In the 
critical case p 0 2 = p x * 9 the two values are 




It will be recognised that the departure of 
p 2 from the natural period p x 2 is considerably 
greater than before, because the square root 
of the small quantity {jPjXv is greater than 
that quantity itself. Hence the balance of 
the suspended chronometer will lose more and 
more (but always at a finite rate) as the length 
of suspension increases up to the critical 
point of equality of periods. When this 
point is passed, the roles of p 0 2 , p x 2 are inter- 
changed. The period proper to the balance 
changes discontinuously to p x \l 4- 
representing a gain of rate equal to its 
former loss. Continuing the extension of the 
suspension, this gain becomes less and less, 
until p 2 being now separate from p x 2 and 
much smaller than it, the frequency settles 
down to p 2 =p x 2 (l 4- fjfi/Xv). From the be- 
ginning up to just before the critical point of 
equality of periods, while ,p 0 2 ^ jPi 2 ? wc have 
A ; B positive, or the balance wheel and the 
whole chronometer are executing oscillations 
in the same sense ; just after this point and 
beyond it, their oscillations are executed in 
opposite senses. The greatest ratio of A : B 
is found at the critical point and is equal to 

± 2(z>/\)^. 

The foregoing examples will serve as guides 
and parallels in a number of cases, though it 
must be noted that the case observed by 
Ellicott does not fall exactly under them. 
It is somewhat more complicated. It will 
be noted that the common rate taken up by 
his two clocks when going together was not 
outside their independent rates but between 
them. 

§ (18) Controlled Systems of Clocks. — In 
view of the unexplained and sudden changes 
of rate which clocks are liable to assume, a 
number of independent time-keepers of equal 
grade may be, at present, the best means of 


marking and eliminating irregularities. But 
for most purposes independence and diversity 
are a nuisance. Hence the effective control 
by a master pendulum of a system of 4C slave ” 
clocks has a great and growing importance. 
The points of interest fall under separate 
heads, according as we are dealing on the one 
hand with the highest class of time-keeping, 
and on the other with systems for ordinary 
use, where reliability within its prescribed 
scope and the minimum of attention are the 
desiderata. 

Considering first systems of high precision, 
the use of a slave clock to replace the counting 
train relieves the pendulum and maintenance 
of an unnecessary complication, besides per- 
mitting the master pendulum to be kept, as 
it should be, remote from traffic, while its 
indications are shown simultaneously in as 
many other positions as may be desired. The 
means by which this must be effected is the 
signal current of say 32 -20 milliamps. sent 
out by the master pendulum. The points to 
attend to, after reliable working is secured, 
are the amount, and the constancy, of the lag 
between the signal current and the indications 
of the slave clock. 

The very simple system of control used, e.g., 
by Riefler is quite satisfactory. The slave 
clock is any weight-driven clock of good 
character. To the bottom 
of the pendulum an arm 
is attached, carrying an 
armature, which passes 
at the end of the excui'- 
sion near an electi’o- 
magnet, set in an adjust- 
able position upon the 
side of the case and made 
live whenever the signal 
current passes. At the 
end of the excursion the 
phase of the pendulum 
is sensitive to disturb- 
ance. A suitable electro- 
magnet would be wound, 
say, 50 ohms with. S.W.G-. 

35 copper wire. The 
pendulum adjusts itself Pia. 25. 

and never separates from 

the signal. If the signal is on for one whole 
second and off for the next the set taken 
is approximately such that the end of the 
excursion which carries the armature over 
the electromagnet agrees with the middle 
of the second during which the signal is on. 
Hence the vertical portion of the pendulum 
will agree with the moment of the signal 
beginning. Some measured experiments made 
on this point and quoted above in relation 
to the microchronograph show further that 
variation in the current introduces a variation 
in the datum ; but not of a degree which will 
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generally disturb the purpose to which a 
controlled clock may be put — of which the 
most exacting is making contacts for a 
chronograph. It will be seen that there 
should under careful circumstances be no 
variation reaching 0*01 sec. 

If the signal sent out by the master pen- 
dulum is of the type which lasts for, say, 
0*05 sec. and occurs every second, the simple 
system of a single electromagnet may still 
be successfully applied, but it is necessary 
to take more care to have a well-rated, well- 
made slave clock, because a small deviation 
from agreement will place the pendulum in a 
position where the current has no useful 
effect ; it may then pass right through its 
proper position and come under the influence 
of the signal on the alternate second, and this 
process may repeat itself, the clock keeping 
its own rate on the average subject to large 
periodic fluctuations representing the control. 
Further, the set taken by the pendulum when 
under circumstances that give control in 
agreement with the period of the signal, may 
show marked differences according as the 
slave clock has an independent rate which is 
gaining or losing on the signal rate. It 
should be noted that when the slave clock 
does not keep the signal rate, it will keep a 
different rate of its own according as the signal 
is passing or not passing. The subject is not 
sufficiently explored, but it may be taken as 
certain that wherever a controlled system 
or relay is used for transmitting the signals 
of a standard clock, the regularity of its 
performance will require close supervision. 
A necessity for any control is a reliable signal 
current. If the current is interrupted for a 
period, the pendulum of the slave clock may 
fall out of phase, and when the current comes 
on again its effect may be such as to throw it 
further out in place of restoring it. The 
pendulum may stop altogether, and restart 
later on, working itself slowly up under the 
feeble impulses of the inductance. 

The signal current may also be used for 
actuating a mere dial, possessing no pendulum 
or weight of its own, and with the sole function 
of counting the seconds. An electromagnet 
moves an armature and so pushes the move- 
ment forward one step each second. As the 
current is small and comes on with a jerk, 
and there is nothing like a continuously moving 
pendulum to carry the movement through a 
failure, while on the other hand the move- 
ment must be sufficiently locked to prevent 
an impulse shifting the finger two seconds in 
place of one, it is clear that the requirements 
are severe. Such dials should not be used 
where a controlled clock with its own weight 
can be made available for the service. It 
may be mentioned, however, that a construc- 
tion, fitted by the Synchronome Company, 


following closely the lines of their commercial 
dials described below, has been found to work 
well and give on the whole very little trouble. 

In the controlled systems adopted for civil 
use, there is no interest at all attaching to 
intervals and lags of less amount than one 
second ; indeed the most satisfactory systems 
have settled down to the employment of 
half -minute steps, the controlled clocks 
standing still from one half-minute to the next. 

The pioneers of electric control for civil 
purposes were Wheatstone and Alexander 
Bain. About 1840 each applied electro- 
magnetic induction to drive a clock. Bain, 
employing the feeble current derived from 
two metallic plates buried in the earth, 
succeeded in maintaining his pendulum in 
motion and using its energy to drive the 
movement. Soon after R. L. Jones, station- 
master at Chester, applied Bain’s system to 
the control of one pendulum by another. 
Early in the ’seventies the system was revived 
and improved by James Ritchie & Son, of 
Edinburgh. It is still working successfully, 
and is used, for example, to control the circuit, 
upwards of four miles in length, operated by 



a master clock at the Royal Observatory* 
Edinburgh, and performing the public time 
service of the city. 

At each controlled clock the pendulum bob 
is a solenoid wound upon a brass frame 
pierced by a large central aperture. The 
wires to and from the solenoid pass up the 
pendulum rod, and out by the suspension 
springs, which are insulated from one another, 
the jambs that clip them being made of 
ebonite. Through the aperture of the bob 
a rod passes covered with permanent bar 
magnets, the N-poles facing one another 
and separated by an interval about equal to 
the length of the solenoid. The pendulum 
swings to and fro, enclosing this rod with its 
magnets. The master clock is arranged so as 
to reverse at each semi-swing of its pendulum 
the current which it sends through the line. 
In consequence the pendulum of the slave 
clock is alternately attracted to one side and 
the other. If sufficient energy is put into 
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a slave pendulum it may be made to actuate 
its dial step by step without the assistance of 
a weight. The change of polarity of the 
current was originally secured by providing 
the master clock with long weak contact 
springs with which the pendulum makes 
contact alternately as it swings to and fro ; 
the poles of a battery, the middle of which is 
connected to earth, lead to these springs ; 
the line leads away from the pendulum and is 
connected to earth after passing through all 
the slave pendulums in series. As remarked 
above, when the circumstances are fairly 
uniform the system works without objection 
as a control. The current used is about 20 
milliamps. But it is open to several criticisms. 
The contact springs rubbing the pendulum of 
the master clock at the end of its excursion 
are prejudicial to its time-keeping, and the 
current they supply is not steady. The same 
purposes may be served by using a Post Office 
polarised relay, joining the line to the tongue 
and the 4 and - battery connections to the 
two contact faces. This relay is actuated by 
a signal from the master clock which is 
alternately on and off for a whole second. 
The construction of the slave pendulums and 
their permanent magnets is also open to 
objection. The position of the solenoid with 
respect to these magnets is unstable, and the 
pendulum is apt to screw or strike the bar 

until steady move- 
ment is established. 
Further, if the arc 
is prolonged, the 
attraction by the 
N. pole is changed 
to repulsion by the 
S. pole, and some 
confusion of the 
control may result. 

To the class of 
electric winding or 
electric mainte- 
nance rather than 
electric control be- 
longs the device of 
the Foucault- Hi pp 
butterfly. On the 
pendulum is carried 
by a pivot a small 
trailer ; this is 
drawn to and fro 
Fig. 27. across the upper 

of two spring arms 
which close an electric circuit when pressed 
together. There is a projection or bank 
attached to this arm, and when the arc 
of the pendulum is normal the trailer is 
drawn past this hank at each extremity. 
But if the arc falls to such a degree that 
the trailer fails to clear the bank, the return 
stroke jams it in a recess and makes the 



contact. This makes active an electromagnet 
placed below the bob, and the adjustments 
are such that the bob is attracted and the 
arc increased. 

By this device the pendulum can be kept 
moving at approximately the same arc, and 
employed to find energy for the movement of 
dial work, in spite of the widest variations in 
the resistance to such movement, due, for 
example, to exposure to wind. It is so em- 
ployed successfully by the Standard Time 
Company. It should be remarked, however, 
that neither the stroke of the trailer nor the 
pull of the electromagnet can be given to 
the pendulum in its vertical position, and 
therefore the time-keeping must suffer each 
time the arc is restored. 

A form of occasional control, apjilied when 
desired to correct an ascertained error, is 
used by the Admiralty to bring independent 
clocks into agreement with a given signal. 
At the passage of the signal a free pendulum is 
released from a click which was holding it 
aside, and begins to swing freely. It swings 
about the same axis as the pendulum of the 
clock which it is desired to correct. When 
the signal passes the two pendulums, being 
found out of phase with one another, the 
clock pendulum is brought back into phase 
by temporarily increasing or diminishing 
effective gravity by making live two fixed 
solenoids, which then attract or repel the 
poles of a permanent magnet attached to 
the pendulum. As soon as the phases are 
brought into agreement, the current is turned 
off and the clock thereupon takes up its 
natural rate again. One solenoid is on each 
side of the pendulum and 
the poles of the permanent 
magnet pass just above 
them. The solenoids are 
made without core, to 
guard against residual 
magnetism. 

The direct use of the 
electric current to main- 
tain the motion by at- 
tracting the pendulum is 
generally regard ed with 
disfavour. It is found 
better to employ the cur- 
rent indirectly to stretch 
a spring, or to lift a Fig. ^8. 

weight, and to allow this 
to work upon the pendulum. But this 
matter belongs rather to the subject of 
maintenance than control, and tinder that 
head the systems employed by Rieflor, Sir 
H. Ounnynghame and W. H. Slxortt have 
been described above. 

The same is true to some extent of the 
master clocks specially designed to control 
systems of slave clocks ; they are independent 
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movers and require to be judged as such. But 
as they are designed with control as the aim, 
and their features are modified accordingly, 
they are described here. 

The maintenance for master clocks employed 
by the Synchronome Company, in its final 
form, is virtually the same as Sir Henry 
Cunnynghame’s escapement, described above, 

except that the im- 
pulse is not applied 
at the bottom of the 
pendulum and oper- 
ates only once in 
thirty seconds. Dur- 
ing thirty seconds the 
pendulum is com- 
pletely free, except 
for the work of 
rotating a count 
wheel, after which a 
contact is made which 
releases a gravity 
arm that restores the 
motion of the pen- 
dulum, and at the 
same time provides a 
signal by which any number of dials are kept 
in step, with the counting of the master 
pendulum moving half a minute at each 
step. The work done by the pendulum, and 
on the pendulum, is arranged to fall while 
it passes its vertical position. The importance 
of such a system is in proportion to its practical 
success, and certain points deserve examina- 
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tion. The first of these is the character of 
the contact. The gravity arm presses on the 
armature and ensures a good contact until 
it is reset. Sparking is suppressed as usual by 
non-inductive shunts. The length of contact 
may he varied and must last until the most 
sluggish of the dials has operated. The whole 
operation may be examined and recorded by 
means of the oscillograph. Some specimens 
are appended, which show the circumstances 



of the original make and growth of current, 
the effect upon it of the entry of a series of 
dials ; others showing the difference in 
character when the current is taken directly 
off lighting mains interposing only a lamp 
resistance, and several other variations, are 
given in a paper “ Modern Electric Time 
Service,” by P. Hope Jones ( Proa . Inst . Elec. 
Engineering , Feb. 1910, vo3. xlv.). The growth 
of the current is quite free from tc splash 5> ; 


the necessary amount is about 0*3 amp., 
and a duration of contact of about 0*05 
sec. gives an easy margin of safety. The 
actual consumption of current is a negligible 
quantity. Extensive systems, for example, 
can be driven for some years upon a set of 
dry cells, and the greater part of the loss of 
energy of the cells is then due to leakage, 
not to work. 

A feature deserving mention is the automatic 
signal supplied when the battery power is 
not equal to its work of replacing the gravity 
arm upon its click. In such a case the pen- 
dulum upon its return swing finds the roller 
in the lower position and assists the magnet to 
lift it. When it does so, it can be arranged 
that the contact it makes closes a circuit and 
causes a lamp to flash. Or a prolonged 
current may be made to operate the stroke 
of a sluggish bell which pays no attention to 
one which lasts only the twentieth of a 
second. Finally if the battery refuses its 
work, the pendulum will come to rest in a 
position which holds the contact open, and, 
for instance, will not completely exhaust an 
accumulator which only wants recharging. 

The system of control fitted by Messrs. 
Gent & Co., Leicester, embodies almost 
identical features. 

The master pendulum, like every other 
independent clock, will require occasional 
adjustment to time. This is done by pulling 
the count wheel round if the clock is slow, 
or by causing the engaging arm of the pen- 
dulum to ride clear of the count wheel if the 
clock is fast. Adjustments of less than two 
seconds in the error can only be made, as in 
any other pendulum, by touching the pen- 
dulum with the hand. 

When an automatic standard time signal 
is available it can be used to correct such a 
clock, but regard must be had to the fact 
that the correction must he made to the rate 
of the pendulum, while the available indication 
is the error, or integral of the fault of rate. 
Any form of automatic correction will result 
merely in rocking the error to and fro. If, 
for example, it takes the simple form of 
placing a small weight upon the tray in case 
the standard signal shows the clock to be 
slow, this weight must be great enough to 
meet at least errors due to the barometric 
equation, or, say, to produce not less than a 
change of 0*5 sec. in a day in the error ; this 
may be too much, and at the best perform- 
ance the error ascertained by the standard 
signal will be alternately positive and negative. 
The only cure is to make the standard signals 
more frequent. In case they are sent once 
an hour, the amount of rocking is negligible ; 
we a PP roac b the case of continuous control. 
No better result can be attained by attempting 
to feed in automatically changes of rate which 
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will slowly efface a large error. If the clock 
is slow and the error positive, the automatic 
arrangement continues to correct the rate 
until it becomes negative ; the error is still 
positive, and it goes on correcting the rate 
more and more, until when the error is effaced 
the clock is left with a substantial negative 
rate, which will carry the clock as much fast 
as before it was slow before it in turn is effaced. 
A more primitive device disregards the rate 
of the clock and corrects the error by attaching 
a pin to the minute-hand, and causing the 
signal to close a clip upon it, by which it is 
brought forward or backward to the exact 
hour. But this hardly deserves the name of 
a control. 

Passing to the system of distributing time 
to a series of dials, the master clock makes 
available once every lialf-minute a current 
such as is indicated, say, by the oscillograms 
shown above. The rate of growth of this 
current depends upon the self-inductance of 
the circuit, for given voltage. A gradual 
operation is desired and consequently the 
whole system is put in series. In this way 
upwards of 300 dials are operated off a single 
master clock. There is no theoretical limit 
to the number, and the faults that occur are 
chiefly those incidental to wiring systems, to 
residual magnetism of armatures, and other 
details of such a kind. The physical and 
indeed the practical problem are perfectly 
determinate and may he considered as solved. 
The wheel work required for each dial consists 
of a star- wheel of 120 teeth to the arbor of 
which the minute-hand is attached, together 
with a pair of gear-wheels operated by it, the 
second of which carries the hour-hand. For 
the largest turret dials, say 6 feet or more 
in diameter, all this is contained in a little 
box 4 or 5 inches square, which hardly 
projects beyond the boss of the hands 
and leaves the rest of the dial empty for 
illumination. 

The requirements for moving the star- 
wheel every half - minute are satisfied with 
too much variety of detail to illustrate all 
the constructions, but present certain common 
features. The movement conveyed by the 
electromagnet to its armature is too sudden 
to be impressed directly on the wheel work. 
The movement is stored in a spring, and when 
the armature is released, the latter replaces 
the armature in its original place and pushes 
the hands round. The rest is arrangement for. 
securing provision of a backstop on the one 
hand to prevent the hands regreding, and the 
prevention of tripping on the other, i.e. the 
wheel moving forward two spaces for a single 
impulse. Inspection of the diagram shows 
sufficiently how these requirements are 
secured. The actual system illustrated is the 
Synchronome. The plan adopted in their 


second - by - second dial referred to above is 
almost identical, except for added gear-wheels, 
the numbers of teeth, and lighter construction. 
The operation of the armature is easily seen ; 
it is pivoted at D and works upon the star- 
wheel through the click E, against the end 
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of which the spring F bears. The stop H 
limits the forward movement which this click 
can convey to the wheel. The backstop is 
J, a square pin in an arm G, pivoted at IC. 
G also contains a stout pin I, which prevents 
the click from picking tip more than one 
tooth when the armature comes over. 

§ (19) Actual Performance of Clocks. — 
There is more obscurity in stating what is the 
standard of actual performance that has been 
got from the best clocks than might perhaps 
be anticipated. Changes due to hygrometric 
conditions of the atmosphere may be com- 
pletely set aside by making the case air-tight. 
Barometric equation may he dealt with by 
the same device with equal completeness, 
though it is not manifest, when the barometer 
is changed in order to change the rate, that 
the change of rate taken up agrees completely 
with anticipation. 1 

Elimination of change of rate due to chang- 
ing temperature is by no means certainly 
secured by the methods of compensation 
actually practised. Biefler 2 collects published 
determinations for a number of the best clocks, 
which range from + 0*06 sec. per day per 1° C. to 
- 0-04 sec., the value for Richer No. 1, with the 
mercury compensation described above, p. 205, 
being practically zero. For the clock Richer 
No. 258, at the Royal Observatory, Edinburgh, 
the coefficient is -|- 0-05 sec. But the question 
is confused by problems of stratification of the 
air. Where practicable, the clock should be 
kept at constant temperature. 

1 But cf. Tisseraud, Bulletin Astronomigue, 1896, 
p. 255, where a variation, equal apparently to the 
full barometric equation, is followed in a sealed 
clock. But it may be suspected that there was 
some undetected leak, for tire clock does not appear 
to have been furnished with any manometer to 
prove the constancy of tire pressure within the case. 

a J)ia Precisions- (Jhren, Munich, 1894, p. 14. 
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The following data may be given to illus- 
trate behaviour under change of barometer ; 
the observations were made at the Royal 
Observatory, Edinburgh. 

Clock. Riepler No. 258. (1917.) 


Clock enclosed in 11-inch cylinder. Cylindrical 
pendulum bob 15 cm. x 8 cm. diam. 


Experi- 

ment. 

Change in 
Bar. Press. 

Change in 
Rate per Day. 

Change in 
Semi-arc. 


mm. 

sec. 

n 

1 

-14 

- *19 

455 

2 

4-14 

4- *22 

-42 

3 

+ 15 

+ •25 

-60 

4 

- 15 

- *26 

465 

5 

4-14 

4- -22 

-39 

6 

-15 

— *26 

421 

7 

4 15 

4*26 

-40 

8 

-14 

- *21 

432 

9 

4-14 

■4*25 

— 56 

10 

- 14 

- *23 

434 

Mean 1 mm. « 
(1 inch = 

= 4 -0163 sec. = 
= 4 *40 sec. — - 

-3 i 
-q 1 
± to 

4 

* 


Syn’chron’ome No. 1 


In the same clock, by numerous experiments, 
removing glass front without altering pressure caused 
gain of rate of — 0-4 sec. per day. 

The foregoing numbers represent the joint 
effect of barometric change proper plus the 
effect on rate owing to consequent effect 
upon arc. The latter cannot be separated 
unless the arc -rate equation can be experiment- 
ally determined. It may not be assumed that 
it is, substantially, equal to the theoretical 
circular error. The following numbers, how- 
ever, present an example of such equality. 
The clock is King No. 2, of which the escape- 
ment has been described above ; by setting 
up the remontoire so that the impulse wheel 
is a different number of steps (equal to fifths 
of a complete turn) in advance, of the scape 
wheel, different impulses can be given and the 
j arc varied permanently within wide limits. 


Semi-arc 
Observed rate 
Difference 
Cf. theoretical 
circular error 


55' 66' 71' 

0*60 sec. 1-32 sec. 1*60 sec. 
4 -72 sec. 4- *28 sec. 


4- -61 sec. 


4- *31 sec. 


The observations are means of several determina- 
tions. 


Clock enclosed in 9-inch cylinder. Cylindrical 
bob 10 cm. x8 cm. diam. 



Experi- 

ment. 

Change in 
Bar. Press. 

Change in 
Rate per 
Day. 

Change in 
Semi-arc. 



mm. 

sec. 

// 

1917 

1 

42-30 

4*83 

. . 


2 

4 -97 

+ •41 

, , 


3 

41*12 

+ •45 

. . 


4 

41-02 

4-37 

. . 


5 

41*00 

4 32 

. . 

Mean 1 inch = 

= 40-38 sec. 



(1 mm. = 4 -0150 sec.) 

1918 

1 

42*04 

4-66 

- 30 


2 

4101 

4-35 

- 20 


3 

+ 1-22 

+ •69 

-106 


4 

41-53 

4-31 

- 63 


5 

42*02 

+ •67 

- 34 

Mean 

1 inch = 40*34 sec. = - 

- 32" 



(1 mm. = 4 

*0130 sec.— 

— 1-3") 


Deot. No. 1506 

Cylindrical bob 9 in. x in. diam. 

Clock enclosed in rectangular case, 14 In. wide x 8 in. 
deep. 

Mean of numerous \ 1 inch = 4-0*40 sec. 
experiments J (1 mm. = -f *016 sec.) 

Trodsham-. No. 1030 

Mercury in glass, with large stirrup, 11 in. x 4 in. 
Clock enclosed in rectangular case, 14 in. wide x 8 in. 
deep. 

Mean of numerous^ 1 inch — 4 0*72 sec. 
experiments j (1 mm. — 4- *029 sec.) 


With regard to the actual performances of 
clocks in their essential function of time- 
keeping, though a large amount of material 
has been published, it is not very easy to 
draw definite limiting conclusions from it. 
The ideal clock would keep permanently a 
constant rate, when reduced to constant 
circumstances. No clock does this, and again, 
the means of testing whether it does so or 
not are themselves marked by sensible errors. 
Interpreting a series of recorded errors becomes 
a problem of plotting- It is much to be desired 
that simple impartial principles should be 
accepted for plotting, smoothing, and inter- 
preting observed errors. This would cover 
the questions of (1) the admissible amount 
of the accidental errors of observation ; (2) 

whether in changing rate the change is gradual 
or sudden, and by what coefficients ; (3) in 

either case, to assign the lengths of time over 
which a formula with given constants expresses 
the rate. These should be settled on a basis 
that permits continuous application to the 
performance of the clock, between say two 
cleanings, and not mere consideration of some 
specimen run. The simplest and therefore 
the best supposition with respect to changing 
rate, if it is admissible, is a dead smooth rate 
broken by sudden changes, the graph of the 
error being thus a broken rectilinear figure. 
This would throw any fluctuations of error 
of short period in among the errors of observa- 
tion, and together they would represent the 
departures between observation and the 
rectilinear graph. There would then be three 
elements to assign : (1) the succession of base 





231 


CLOCKS AND TIME-KEEPING 


rates, as they may be called, being the slopes 
of the successive portions of the rectilinear 
graph ; (2) the number of days over which 

each base rate holds, and (3) the mean depart- 


The changes in the base rate that are 
revealed are themselves a smooth undulation. 
This may be taken as a fair example of the 
highest performance. For ordinary clocks so 


Riefler No. 258. (1916) 


No. 

Base Hate 
per Day. 

Term. 

Duration. 

Mean 

Erratic. 

No. of 

Observations. 


secs. 

Mar. 27 

days 

secs. 


1 

- -255 

- -234 

Apr. 15 

19 

•040 

12 

2 

7 



- -161 

Apr. 22 

3 

6 

-040 

3 

- *128 

Apr. 28 

4 

12 

•000 

2 

- *117 

May 10 

5 

20 

•040 

11 

- -142 

May 30 

G 

28 

•036 

10 



June 27 




7 

- *180 

- * 140 

July 21 

24 

-020 

8 

8 

13 

•020 

8 

- *009 

Aug. 3 

9 

17 

•020 

2 

- *081 

Aug. 20 

10 

17 

•027 

3 

- *102 

Sept. 7 

11 

18 

-031 

8 

- -117 

Sept. 25 

12 

14 

•057 

6 



Oct. 9 

i 



13 

- *141 

O 

o 

Ci- 

te 

H- ' 

! 22 

•035 

13 

14 

- -170 

Nov. 8 

8 

-035 

4 

15 

— *157 

Deo. 1 

23 

•056 

5 

16 

- *108 

Dec. 14 

33 

•013 

3 

17 

- *093 

Dec. 28 

14 

•023 

6 

18 

- -092 

Jan. 6 

9 

•020 

3 

Means \ 






(omitting ** 
Nos. 1, 2) J 

- -122 

. . 

16 

•033 

G 

.. _ . 


ures, say the erratics, between observation 
and the graph. If the circumstances are 
changed, as, for example, by regulating the 
clock by means of the barometric pressure, 
the base rate would of course be the rate 
exhibited phis the correction to standard 
pressure. An analysis upon these lines is 
made of the going of the clock Rieficr 
No. 258 at the Royal Observatory, Edin- 
burgh, and the extracts above illustrate the 
result. They start after closing the clock 
after a cleaning. 


stringent an analysis is quite inapplicable, the 
graph of error when plotted to -01 sec. being 
obviously curved and sinuous in short periods. 

II. A. S. 

Cloud : 

Diurnal variation of. See “ Atmosphere, 
Physics of,” § (20). 

Measurement of, at night. See “ Meteoro- 
logical Instruments,” § (2 (5) 

Wave-like form of. See “Atmosphere, 
Physics of,” § (17). 
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Clouds : 

Albedo of. See “ Meteorological Optics,” 

§ (16) (iv.). 

Instruments for measuring motion of. See 
“ Meteorological Instruments,” VII., §§ 
(33), etc. 

(1) Camera obscura. See ibid . § (34). 

(2) Darwin -Hill mirror. See ibid . § (35). 

(3) Nephoscopes. See ibid . § (33). 
Iridescent. See ibid. § (15) (ii.). 

Opacity of. See ibid . § (16) (i.). 

Rain, effect on electric field of atmosphere. 

See 44 Atmospheric Electricity,” § (18). 
Translucence of. See 44 Meteorological 
Optics,” § (16) (ill). 

Coefficients of Expansion of Line Stand- 
ards : method of measuring in comparator. 
See 44 Comparators,” § (2). 

Col. See 44 Atmosphere, Physics of,” § (18). 

Combination of Observations. See 44 Ob- 
servations, The Combination of,” § (5). 

Comparator for Slip Gauges, 4" capacity : 
calibration of, to accuracy of one millionth 
of an inch. See 44 Metrology,” IX. § (32) (ii.). 

COMPARATORS 

Reference to the article **Line Standards 
of Length ” will show that it is necessary in 
the first instance to determine with extreme 
accuracy the length of a line standard, and 
subsequently, from time to time, to check the 
result so as to detect any possible change. 
This necessity is met by an apparatus called a 
comparator, by means of which, as its name 
implies, the lengths of two standards may be 
compared one with the other. There are many 
’types of comparators, but all are designed to 
the same end, viz. the measurement of the 
small difference between the lengths of two 
standards. One of these standards being of 
known length, the length of the other may 
thereby be determined. 

In order to appreciate fully how the necessary 
accuracy is attained, it is proposed to describe 
in detail a typical comparator, how it is used, 
the precautions necessary before and during 
the course of observations, together with some 
account of the manner in which the results 
are finally computed. This will be followed 
by short descriptions of other comparators. 

§ (1) One-metre Comparator, (i.) Descrip- 
tion. — The instrument at the National Physical 
Laboratory was constructed by the Societe 
Genevoise, and is designed to accommodate 
standards up to 40 inches in length; it is 
therefore suitable for standards of the usual 
type, either a yard or a metre in length. Any 
such camparator consists essentially of a tank 
or bath suitably fitted to receive the bars. 


and, for viewing the lines, two microscopes 
so mounted that they can be rigidly fixed in 
any desired position ; the whole being carried 
on a east-iron bed which rests in turn on a 
massive concrete block. 

(a) Housing . — The whole apparatus is housed 
in a room which has a double roof and no 
outside walls, and which is suitably heated 
and ventilated, hence the variations in tem- 
perature of the* room over a long period are 
only slight. The steadiness of the room 
temperature is a considerable factor in 
maintaining a steady temperature in the 
apparatus. 

(b) Foundations . — The concrete block rests 
in a brick-lined pit or well, the bottom of 
which -is about three feet below the level of 
the floor of the room, and is separated from 
the walls of the pit by an air-space, thus 
isolating it from vibrations and other disturb- 
ances that may be set up in the floor of the 
room. The portion extending above the floor 
is encased in stout woodwork, which is secured 
to the floor without touching the concrete or 
any part of the apparatus. This is clearly 
seen in Figs. 1 and 2, as well as the other parts 
about to be described. 

(c) Base . — The cast-iron bed, by means of 
four stout levelling screws, rests on brass plates 
let into the top of the concrete. Its front 
and lower portion, about 4 feet long and 18 
inches wide, carries the tank, the weight of 
which is supported entirely by two machined 
strips, one at each end. The rear portion 
is extended upwards along its whole length, 
and carries a girder slightly overhanging the 
lower portion of the bed. The whole is made 
hollow, and the rear portion is relieved in the 
usual way, so as to reduce its weight without 
affecting its rigidity. The top surface of the 
girder forms a carefully machined bed, which 
carries two slides from which project, over the 
tank and at right angles to the length of the 
girder, two strong supporting arms for the 
microscopes. The slides can be adjusted in 
relative position along the girder, while the 
arms are adjustable horizontally in a direction 
at right angles to the direction of movement 
of the slide. The arms are provided at their 
ends with split collars, which hold the micro- 
scopes in a vertical position at any desired 
height above the tank. Thus, each micro- 
scope is adjustable in position in three 
azimuths, and the movable parts can be 
securely clamped, once the desired positions 
are attained. 

(d) Tank . — The tank consists of two troughs 
made of sheet copper, disposed one within the 
other in such a way that they nowhere come 
into direct contact, the upper edges of each 
lying in the same horizontal plane. The space 
between the walls and bottoms of the troughs 
is filled with water, which, by surrounding the 
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inner trough on five sides, serves as a protective I by virtue of their high conductivity, naturally 
lagging against radiation, and thus assists in assist in attaining, with rapidity, the desired 
stabilising and maintaining the temperature | temperature conditions. Also with a view to 



Pig. 1 . — The One-meti - e Comparator at the National Physical Laboratory. 
(Cover removed, showing two bars in position.) 


of the inner trough. The water may also be 
heated or cooled in order to vary the tem- 
perature. The thin copper walls of the trough. 


preventing radiation into or from the outer 
trough, the walls of the latter are encased with 
thick oaken planks. 



Pig. 2. — The One-metre Comparator at the National Physical Laboratory. (Rear view.) 
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( e ) Carriage . — The whole tank is mounted 
on a cast-iron platform with four small wheels 
which run on the machined strips at each end 
of the lower portion of the bed, and its motion 
to and fro is controlled by a wheel in front, 
which when turned actuates a worm gear 
placed under the centre of the platform. The 
direction of motion is controlled by two small 
guide wheels attached to the tank, fore and 
aft, and running in a V groove across the centre 
of the iron base. The whole weight of the 
tank is borne entirely on the four wheels of 
the tank and not any of it on the guide wheels 
(see remarks in (iii.) (6)). 

( / ) Girders . — The inner trough is provided 
with two girders whose function is to carry 
the bars when they are under observation. 
Each is fitted with three levelling screws, two 
at one end and one at the other, and these 
rest on small platforms or steps at each end 
of the trough. The points of support, i.e. the 
ends of the screws, fit into the usual slot on 
one platform and the hole and plane on the 
other, thus allowing for expansion or con- 
traction without constraint. The platforms can 
be adjusted slightly in position by means of 
screws which project above the top of the tank 
at either end. These ad j ustment s, together with 
the movement of the tank as a whole, enable 
one to alter the positions of the girders in 
three directions mutually at right angles, that 
is, up and down, to and fro, and longitudinally. 
Girders, steps, and adjusting mechanism 
inside the trough are made of gun-metal to 
avoid rust. Each girder carries, transversely, 
two small rollers on which the bars rest, and 
which can be clamped to the girders in positions 
which ensure that the standards shall be 
supported at the Airy points. In use, the 
inner tank is usually filled with distilled water, 
which is preferable to ordinary tap water ; 
the latter, if used, is apt to deposit on the 
surface of the standards a thin opaque film 
which is not easily removed. Both inner and 
outer troughs are provided with small stirrers 
which are worked by a small electric motor 
on the wall near by. The outer tank is 
connected by pipes to hot and cold water 
supply, and is provided with a drainage 
pipe. 

(g) Microscopes . — The microscopes, of 
moderate power, are fitted with micrometer 
screw eyepieces, and the magnification is 
adjusted so that one division of the drum 
corresponds to a micron, tenths of a micron 
being read by estimation. The eyepiece is 
fitted with the usual comb, or rough scale, 
each tooth of which corresponds to one 
revolution of the screw, i.e. 100 jul. There are 
three pairs of transverse cross- wires or spider 
lines, broad, medium, or fine, together with 
one longitudinal line across the centre of the 
field of view at right angles to the pairs of 


lines. Every fifth recess of the comb is cut 
a little deeper than the rest, and one of 
the deeper cuts 
approximately 
locates the centre 
of the field of 
view. Arbitrary 
values may be 
given to the 
divisions of the 
comb, and it is 
usual with these 
particular instru- 
ments to call the 
centre one 1000 
ja, the others Fio. 3. 

being numbered 

accordingly from left to right in the field of 
view (Fig. 3). 

(h) Illumination . — The illumination of the 
lines of the standards is by vertical reflection 
from the graduated surface. The source of 
light is a distant Pointolite lamp, placed so 
that the light beam is in the direction of 
the length of the comparator. Its position, 
several feet away, ensures that it has no dis- 
turbing heating effect on the bars or any part 
of the apparatus. The light from the lamp 
is collimated and falls on a vertical mirror 
fixed under the supporting arm of the micro- 
scope. The mirror, placed at an angle of 45° 
to the direction of the beam, reflects the light 
through an angle of 90° towards a hole in the 
tube of the microscope just above the objective. 
Here it falls on the under surface of a cover 
slip tilted at 45°, so that the light is reflected 
vertically downwards. The light is finally 
reflected back from the horizontal surface of 
the bar vertically upwards to the eyepiece. 

(i) Thermometers . — The temperature of the 
inner trough is determined by two or more 
precision mercurial thermometers, which are 
supported on metal crutches attached to the 
girders so that they lie near to, and at about 
the same mean level as, the bars. Their 
positions are chosen so that their readings will 
eventually give the mean temperature of the 
water or other surrounding medium. 

(j) Cover .— The tank is provided with a 
movable metal cover which is slotted along 
its length so that the thermometers or any 
portion of the bar may be readily viewed. 
Varying lengths of metal strips cover these 
slots, and by suitably rearranging these, any 
desired small portion of the slot may be left 
uncovered for viewing the lines. Attached to 
the lid are low-power microscopes for reading 
the thermometers. 

(ii.) General Considerations , and Sources of 
Error . — Tt should be stated here that the fore- 
going description relates to a typical com- 
parator, which is shortly to be replaced by a 
more modem and elaborate machine, but that 
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the remarks which follow are quite general, 
and are applicable, not only to this, but to 
all comparators. 

(a) Microscopes . — The micrometer micro- 
scopes of a comparator should be the best 
procurable, otherwise they may prove a fruitful 
source of error. Even the best, however, give 
rise to errors, which need careful investigation 
before the instruments are used. 

Errors may arise from numerous causes. 
Change of temperature, by altering the length 
of the tube, by varying the constant of the 
lenses, or by expanding the micrometer screw, 
may give rise to variations in the magnification, 
but as a rule these effects are negligibly small. 
Errors sometimes occur through inaccurate 
focussing, arising from objectives which are 
not aplanatic. The micrometer screw may 
possess progressive and periodic errors, or an 
error in the nominal value of a division. 
Periodic errors arise from such defects as 
variation in pitch, the abutments of the screw 
not being at right angles to the axis of rotation, 
eccentric drum or irregular divisions of the 
drum, etc. The undesirable presence of foreign 
matter in the thread or beatings of the screw 
may cause additional errors, but these can, 
with care, be avoided as a rule. 

The most abundant source of error is the 
screw% and it is necessary to calibrate it with 
great care. To measure each error separately 
is a laborious, if not an impossible task, but 
there exists a simple and effective method of 
measuring their cumulative effect. This 
consists of calibrating one microscope with 
the aid of the other, and is, very briefly, as 
follows. 1 

The eyepiece , of the microscope to be 
measured is removed, thus exposing to view 
the cross-wires or spider lines, and the micro- 
scope is then mounted so that these cross- 
wires, suitably illuminated, may be viewed by 
the other microscope vertically above it. The 
latter is fixed in a carriage so that it can move 
parallel to the axis of the micrometer screw. 

The method consists in measuring successive 
nominally equal lengths of the micrometer screw of 
the lower microscope by the micrometer screw of 
the upper one, the same portion of the latter being 
used each time for each length of the former. For 
example, suppose every nominal 100 jul length is to 
be examined, i.e . a length corresponding to one turn 
of the drum. The drum of the lower one is set to 
zero, and a reading is taken by the upper micro- 
scope on the cross-wire of the lower one. The drum 
is then advanced one turn, and another reading on 
the cross-wire taken. Suppose these readings are 
a x and a 2 . The upper microscope is now translated 
bodily so that it again reads a x , or as near to it as 
it is possible to get, on the cross-wire below, which 
is not moved in the meantime. The drum is again 
rotated 100 divisions, and a reading obtained on the 

1 Bull, of B. of S. x. 375. 


cross -wire. The reading will very closely approxi- 
mate to a 2 - This process is repeated as often as 
necessary. Certain errors of setting may arise, and 
these may be cnmulative, but this effect can be 
counteracted by repeating the calibration with, say, 
500 divisions, i.e . 5 turns, or even larger intervals. 
It is useful, though not necessary, to alter the 
magnification in this case, by changing the objective 
of the upper microscope, so that as long a length as 
possible of the screw of the upper one is used. 

Of course, shorter intervals than the 100 divisions 
can be measured, say every 10 divisions, and it is 
probably then safe to interpolate for errors over the 
intervening points. 

All the readings thus obtained can by a simple 
graphical method be translated into corrections, 
which are tabulated for further use. 

The method thus described is simple and accurate. 
Any errors that the screw of the upper microscope 
may have do not affect the result, since the same 
portion of the screw, within very small limits, is used 
each time. 

It should be realised, however, that where there 
are moving parts such as obtain in a micrometer 
screw, changes take place which lead to gradual 
changes in the errors, and that it is necessary, there- 
fore, to revise the calibrations from time to time. 
It is sufficient, as a rule, to check at frequent intervals 
the value of a division by comparing the readings 
directly against a divided millimetre of known 
calibration. 

As the N.P.L. microscopes have very small 
screw errors, it is the practice to use the 
figure obtained by comparing with a divided 
millimetre as a mean error to be applied to 
the result. It is expressed as a percentage, 
and is usually small, being of the order of 
0T per cent or less. In order to minimise 
the chance of error due to possible defects of 
the lenses, it is also usual to limit the run of 
the screw by confining the observations to a 
small portion of the centre of the field of view. 
A run of 200 p is seldom exceeded where the 
best class of work is involved, and usually it 
is confined to within half this amount. 

( b ) Temperature . — The accurate measure- 
ment of temperature is by no means the least 
of the difficulties that arise in comparator 
work, and the very best precision thermo- 
meters are therefore necessary. These should 
have large capacity bulbs, and narrow, 
straight, uniform bores, so that the scales are 
not only even, but are sufficiently cc open ” 
to enable one to make readings easily to well 
within Q°*01 C. The total range of the scales 
should be limited to that over which observa- 
tions are likely to be made. The thermometer 
must be most carefully calibrated, and the 
corrections thus obtained so ad j listed that 
the resulting temperatures are given on the 
hydrogen scale. It is sometimes necessary to 
carry out the calibrations with the thermo- 
meters in a vertical position, but in the com- 
parator work they arc used in a horizontal 
position, with the consequence that the 
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reading will be higher than in the vertical 
position, necessitating a corresponding correc- 
tion, which is proportional to the length of 
the mercury column. This correction can be 
obtained by direct comparison in the horizontal 
position at various temperatures, with a 
thermometer whose corresponding correction 
is already known. It can, however, be found 
directly, if each thermometer he provided near 
the upper end with an expansion chamber and 
a boiling-point mark. Comparison of the 
readings at the boiling-point in both horizontal 
and vertical positions will readily give the 
required vertical to horizontal ” correction. 

As is well known, the zero reading of a thermometer 
is subject to fluctuations which depend on its previous 
history and treatment, and which constitute a serious 
source of error. It is therefore necessary to check 
this point at frequent intervals, and to adjust 
accordingly the calibration curve obtained as above. 
It is probable that the correction for the change in 
zero will not be so well known at any time as the 
relative scale calibration. 

But, however carefully the calibration be made 
and applied, it is seldom possible, even under the 
best conditions, for the temperatures obtained with 
a mercurial thermometer to be reliable to a greater 
accuracy than 0°*01 C., and uncertainties of 0°*02 C., 
or even more, sometimes arise. When it is pointed 
out that an error in temperature greater than 0°-0I C. 
may give rise to an error in the final result greater 
than the probable error due to any other cause, as, 
for example, the error of observation, the importance 
of accurate thermometry should be thoroughly 
appreciated. 

Owing to the limitations of the mercurial thermo- 
meter, it is probable that any further refinement 
in this direction will arise from the employment of 
other and more accurate means of making the 
measurements, such as, say, an electrical resistance 
method. 

(c) Other Sources of Error . — In addition to 
the microscopes and thermometers, there are 
other sources of error too numerous to mention 
in detail. Some of them will he apparent from 
a study of the way in which the apparatus is 
set up and used, and their incidence and size 
will depend on the skill and care employed in 
manipulating the apparatus. 

(iii.) (a) Setting up and manipulating the 
Apparatus , — The two bars which are to be 
compared, say two metre standards, are placed 
in the inner troxigh, one on each girder, and 
supported by the rollers symmetrically at the 
Airy points, and with a sufficiency of water 
covering them. If one or both of the bars be 
liable to rust or other damage, the comparison 
may be made in air, or if necessary some other 
liquid may he used, such as paraffin. 

The microscopes are next adjusted so that 
they are at the same level, and this can be 
done by focussing each in turn on a particular 
spot, say near the centre of one of the bars. 
They are next placed approximately at a metre 


apart, so that the zero and the 100 cm. lines 
appear in or near the centres of the fields of 
view, and parallel to the cross -wires of the 
eyepieces. Both bars should be observed in 
fixing the microscope so that the best central 
position may be obtained. A horizontal line 
cutting the axes of the two microscopes should 
then be parallel to the axis of the bars. The 
microscopes, then rigidly clamped in position, 
are kept so during the course of the subsequent 
set of observations. 

It may be necessary at this point to adjust 
the level of the girder by means of the end 
screws, so that the light is reflected perpen- 
dicularly from the surface of the scale and 
passes vertically through the microscope. The 
lines are best viewed by diffused light, which is 
attained by attaching to the microscope, so as to 
intercept the light, a piece of fine ground glass. 

The thermometers may now be placed in 
position on their supports and arranged so 
that their scales can be easily read from above. 
The surface of the water is next skimmed with 
blotting-paper to remove all foreign matter 
that might distort the image of the line, and 
so give an error in reading. It is necessary 
to repeat this at frequent and convenient 
intervals, even when the utmost care is 
taken with regard to cleanliness. The cover 
is now placed in position, and the whole 
allowed to settle down to a uniform tem- 
perature, assistance being given in this process 
by frequent stirring of the water in both 
troughs. 

(i b ) Observations . — When it is found that 
the temperature is steady and reasonably 
uniform, the tank is moved so that the rear 
bar is brought under observation. Certain 
adjustments are necessary before a reading 
can be taken. The lines are first of all very 
carefully focussed by raising or lowering the 
girder ; the bar is next aligned, that is, the 
girder is moved transversely so that the 
longitudinal wire in the eyepiece appears to 
be mid-way between the two longitudinal 
lines of the bar ; and finally the two defining 
lines are adjusted by moving the tank longi- 
tudinally, so that they appear symmetrically 
disposed in the respective fields of view. 

The bar is now in correct position for making 
a micrometer setting. Choosing one of the 
pairs of cross-wire, say the medium, these are 
moved across the field until the defining line 
appears mid-way between them. The reading 
of the micrometer on each line is noted in the 
observation book. Fig. 4 shows the appearance 
of the. spider lines and those on the bar, when 
a correct setting has been made, the heavy 
lines being those on the bar, and the lighter 
those in the eyepiece. 

The tank is now bodily moved backwards 
so as to bring the other bar under observation, 
and the whole process repeated. Several 
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observations are made in this way alternately 
on the bars, the final one being on the bar 
which was observed first. 

Temperatures are carefully read at the 
beginning and at the end of the set, as well 


Fig. 4.. 

as at convenient intervals in between, and at 
the same time pauses are made for stirring the 
water so as to ensure maintenance of uniformity 
of temperature. It should be noted that in 
reading the thermometers, parallax errors may 
occur due to either a lack of uprightness of the 
microscopes or to the thermometers not being 
quite horizontal. The latter fault can readily 
be avoided with a little care at the commence- 
ment. The former fault is brought about by 
imperfect mountings, and in the type of micro- 
scope used at the N.P.L. the errors are 
counteracted to some extent by rotating the 
microscopes through nearly 180° half-way 
through a set of observations. 

Fig . 5 shows an actual set of observations taken in 
this way on two lino standards, and indicates at the 
same time how corrections are applied and the results 
obtained. It will be noticed that the temperature 
changes slightly during the course of observations, 
and it is probable that all the parts of the apparatus 
have changed temperature in a similar way. This 
may bring about a slight expansion or contraction 
of the girder carrying tbo microscopes, and therefore 
a small alteration in the distance between the micro- 
scopes. Theoretically, this distance should remain 
constant, but if observations are taken alternately 
on the bars in the manner described, the error duo 
to such change, which in any case is very small, 
is automatically cut oat. 

In a similar manner the personal equation of the 
observer is eliminated. Errors due to this cause are 
usually the same on all the readings, and annul one 
another when differences are taken. 

Th© two bars having been compared in this 
way, their positions relative to one another are 
changed, and another comparison made. This 
change may be effected by turning either bar 
end to end, or by exchanging them on the 
girders, or by a combination of both. It is 
thus possible to arrange the bars in eight 
different ways, and consequently to obtain 
eight different sets of comparisons All this 


may seem unnecessary, but it is possible for 
errors to arise owing to the position of a bar. 
For example, the appearance of a line may be 
slightly different when the bar is turned end 
to end, with a consequent effect on the 
micrometer setting. 

That an exchange on the girders is necessary is 
best exemplified by recording the discovery of a 
serious fault in the design of the N.P.L. comparator. 
Observations were taken in the usual way on two 
bars, but it was found that their exchange on the 
girders gave rise to a difference of 3 jjl or 4 fx in the 
result, an error out of all proportion to the observa- 
tional errors. The cause of this was looked for and 
was located in the tank guide wheels, which were 
found to be bearing heavily in the V groove. The 
centre of the cast-iron bed was therefore bearing 
some of the weight of the tank, and suffered a slight 
distortion which was transmitted to the girder carry- 
ing the microscopes. The distortion varied with the 
position of the tank, and the ultimate effect was to 
alter the distance between the microscopes when the 
tank was moved backwards. The obvious remedy 
for such a fault is to have the girder and the tank 
on quite separate beds, so that one is not affected by 
any change in the other. But it could not be done 
with tho apparatus in question, and the difficulty 
was obviated to a great extent by first relieving the 
pressure on the guide wheels, and secondly by making 
an alteration in the mounting of the girder. A heavy 
triangular cast-iron slab was inserted between the 
girder and bed, and arrangement made to support it 
freely at three points only, the addition of a right- 
angled bracket to the bed being necessary for carry- 
ing one point of support. 

(iv.) Computation . — Returning to the com- 
parisons of the bars in eight different positions, 
it is obvious that they have been all obtained 
at different temperatures, and before the 
results can be compared it is necessary to 
correct them, so that they all appear as if 
taken at the same temperature, by applying 
the known expansion coefficients. The best 
temperature for this purpose is the approxi- 
mate mean temperature of all the observations. 
The mean value of the results can then he 
determined, and hence from the 64 known ” 
bar, the length of the other one can be 
found. 

The direct comparison of two bars by the 
method just described gives sufficiently 
accurate results for many purposes, the 
accuracy being probably of the order of within 
one in a million ; but it is sometimes necessary 
to obtain a greater accuracy than this, as for 
instance in the standardisation of certain bars 
which are used as standards at the N.P.L. and 
at other similar institutions. This increased 
accuracy is attained by a method which 
involves the complete intercomparison of 
several bars at one time. The manner of 
computing the results provides not only the 
most probable value of the bars, but also a 
measure of the accuracy of the work done. 
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Any number of bars, from three upwards, 
may be taken, .the greater the number the 
greater as a rule the probable accuracy obtain- 
able ; but it is best to limit it to five or six, 


in turn, by the method just described, the results 
(the mean of 4 or 8 sets, as the case may be, for 
each pair) reduced to a common temperature are set 
down in rows and columns to form a square, such as 
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as if more be used the slight advantage gained 
in the results is discounted by the dispropor- 
tionate extra amount of labour and time 
involved. Further, if at least five or six bars 
be taken, it is possible to reduce the number 
of observations by one half, since it is 
sufficient in such a case to obtain only four 
sets, instead of the complete eight sets, for 
each pair of bars. 

Each bar having been compared with all the others 


is illustrated by Fig. 6. The six bars involved in 
this particular square are denoted by the letters A, B, 
etc., which, it will be seen, are placed at the heads of 
the columns and the beginnings of the rows. The 
observed differences (all expressed at 15° 0.) are the 
figures shown in upright type in the centres of the 
smaller squares. Any particular result is readily 
associated with the bars from which it is derived 
by reading the letters which denote the column 
and row in which the result is placed. For example, 
-24-09 is obtained by a comparison of B and D* 
and is completely interpreted: length of B- length 
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of D— 24*09 /a. Similarly 4-88 *14 should be read : 
length of E - length of B = +88* 14 /a. Care should 
be taken in expressing the difference between two 
bars in the correct way, the difference always being 
equal to (bar denoted by column) — (bar denoted by 
row). It will^ be noticed that each result appears 
twice, but. with opposite signs, and a moment’s 
thought will explain wily this is so. Six small 
squares, except for the 
diagonal through them, 
are left blank, since there 
are obviously no results to 
be placed in them. 

Having explained the 
building up of the square, 
it remains to show its 
purpose. The six columns 
are added together, the 
separate sums (S) forming 
another row. The total of 
these sums should be zero, 
since the total involves 
pairs of equal value and of 
opposite signs. Each sum 
is now divided by six, the 
number of bars, thus giv- 
ing a row M of mean values 
for the columns. Erom 
these mean values we can 
now calculate the most 
: probable values for each 
sub-square by a process of 
simple subtraction. Tak- 
ing examples : 

Length of A — length of 
B— mean of column A 
-- mean of column 
+92*57 — ( - 92*75) 

- +185*32 ju. 

Length of B — length of 

E-(- 02*76) - ( — 4*68) 

- -88*07 /x. 

In this way calculated 
values are obtained for all 
the pairs of bars, and 
these arc inserted in the 
squares (italicised figures) 
for comparison with the 
observed results. The re- 
siduals, i,e, the difference 
between the observed and 
calculated values, are also 
entered, and serve bo give 
an idea of the accuracy 
with which the observed 
results have been obtained. It will be noted that 
the calculated values and residuals are shown in half 
the square only ; it is obvious that to insert them in 
the other half would be only needless repetition. 

The method thus described of computing the most 
probable from the observed values is an exceedingly 
simple operation, yet it satisfies the law of least 
squares, which in other circumstances is much more 
troublesome to apply. The calculated results, which 
are the basis of the finally accepted values of the 
length of the bars, arc probably correct to 1 in 

5.000. 000, and may on occasion be accurate to 1 in 

10.000. 000, that is 0*1 g per metre. 


The final step consists in obtaining the absolute 
lengths of the bars from the mean values M, which 
so far arc only relative, but this cannot be done 
unless the absolute length of one of the bars is already 
known by means of some previous determination. 
But, before doing this, it is necessary te decide at 
what temperature the final absolute lengths are to 
be stated. The actual temperature chosen may 
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depend on circumstances, but with standard metres, 
and standard yard bars, the temperatures at which 
these are defined, viz. 0° G. and 62° T., are usually 
selected. The relative values M of the six bars 
that have just been discussed are stated at 15° 0., 
and since they are metre standards, the values 
are usually expressed at 0° 0., and utilising the pre- 
determined coefficients of thermal expansion, correc- 
tions are applied to the means M. The next two 
rows, Fig . 6, will make this step clear, but the values 
thus stated at 0° 0. are still relative only. Bar A 
is taken as the “known” standard, with a length 
at 0° 0. of 1 metre - 23*10 /l 
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The figure —23*10 is substituted for —96*50, and 
the others are amended accordingly, thus giving the 
absolute lengths of all of them at 0° C., e.g. C’s equa- 
tion to scale is 1 metre -f 33 *74 /x, or 1 *0000337 4 metres. 

It may be interesting to add that A, B, etc., 
are six standards actually in use at the N.P.L. 
A and B are made of pure nickel, B and E 
of invar, C of 43 per cent nickel steel, and F 
of silica. Fig. 6 gives the results of their actual 
intercomparison during the month of October 
1920. Bar A had just previously been com- 
pared direct with a copy of the International 
Prototype Metre at Sevres, and hence the 
reason for selecting it as the basis of the 
determination of the lengths of the others. 

§ (2) Coefficients of Expansion. — 
Thermal expansibilities are so indissolubly 
associated with all line standard work that 
it is necessary to be able to measure with 
the highest possible accuracy' the coefficients 
of expansions of the various bars used. Means 
of doing this over normal ranges of temperature 
are provided by the N.P.L. comparator and 
other comparators of similar design. The 
method employed is entirely .analogous to that 
of comparing the lengths of two bars. 

Two standards are placed in the inner trough 
in the usual way, one of them having at the 
commencement a known coefficient of expan- 
sion, from which that of the other may be 
derived. The lengths of the two standards 
are compared at various temperatures varying 
from about 0° C. to 35° C. The various 

differences obtained are plotted against tem- 
perature, and the points will as a rule be 
found to be on a nearly straight line. If 
the mean coefficient only is required over 
the range of temperature used, it will be 
sufficient to draw the 
straight line passing 
through or near the 
points, and obtain 
the coefficient ac- 
cordingly. Biit the 
most accurate line 
standard work de- 
mands something 
better than this, and 
as the expansi- 
bilities almost 
invariably fol- 
low a quadratic 
law of expansion 
and not a linear 
one, it is neces- 
sary to find the 
quadratic or B 
term of the ex- 
pansion equation L# = L 0 (1 -f ad + j36*), and this 
is best computed with the help of the law of 
least squares. 

The temperature of the standards is varied 
by means of hot water or ice placed in the 


outer trough, and where both a and /3 are to 
be determined, it is best to take as many 
points as possible on the ctirve, seven at least. 

It is evident that this method can be 
employed for determining the expansibility 
of any material which can be fashioned into 
a rod or bar, and which can be made to carry 
two reference lines, one near each end. The 
distance between these two lines can be com- 
pared at different temperatures with a like 
distance on a line standard whose coefficient 
of expansion is known, in the manner just 
described. The lines can be ruled on the 
polished surface of the rod in the case of 
metals and like substances, but with other 
materials it is necessary to insert metal plugs 
at each end for this purpose. With some 
materials the water as a medium must be 
dispensed with. For example, steel rusts in 
it, brick absorbs it, etc. 

It may be replaced by some other liquid, 
such as paraffin, which does not affect steel 
(say), or the determination may be carried 
out in air. In the latter case the result will 
not of course be so reliable as a similar result 
obtained with a liquid medium. 

§ (3) Double - tank Comfabatob. — While 
the comparative method of determining 
coefficients of expansion in a single- tank 
comparator meets most cases that arise, it 
becomes necessary at some time or other to 
find by an absolute method the expansibility 
of a bar. Resort is therefore made to a com- 
parator fitted with two separate tanks. Such 
a comparator, as used at the International 
Bureau, is illustrated in Fig. 7, from which 


its main features will be evident. The two 
tanks are on a common platform, with 
sufficient space between them to prevent the 
heat of one affecting the other when they 
are at different temperatures. The platform. 
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with the tanks, can be moved along rails, so 
as to bring each tank in turn under the 
microscopes, which are mounted on two 
separate pillars on either side of the platform. 

Other comparators of this type, the Uni- 
versal Comparator at Berne, and the four-metre 
comparator of the Indian Geodetic Sui'vey, are 
more fully described later, and reference should 
be made to them (§§ (6) and (8)). The method 
of using the double-tank comparator for obtain- 
ing absolute coefficients is briefly as follows. 
The bar whose expansibility is to be found is 
placed in one of the tanks, and a reference bar 
(not necessarily of the same material) is placed 
in the other. The temperature of the reference 
bar throughout the series of observations is 
kept constant, preferably with the assistance 
of a thermostat. The temperature of the 
other bar is varied in the usual way, and its 
length at different temperatures compared 
with the unvarying length of the reference 
bar. The differences in length obtained 
obviously give absolute expansion, from which 
the absolute coefficient is determined. It is 
thus seen that the method of taking observa- 
tions is quite analogous to the comparative 
method employed with the single-tank com- 
parator, and differs only from it in that one 
bar (the reference) is kept at a constant 
temperature, and therefore of unvarying 
length. 

§ (4) Tutton Wave-length Comparator. 
— This comparator is so designed that it is 
possible to determine the difference between 
the lengths of two standards by two different 
methods. The instrument may be used in 
exactly the same way as the N.P.B. comparator, 
by alternately observing the lines of each bar 
with the help of two rigidly fixed micrometer 
microscopes ; or it may call to its aid the 
distinguishing feature of the apparatxis — -a 
special optical arrangement which enables the 
difference in the lengths of two standards to 
be measured in terms of wave-lengths of mono- 
chromatic light. This optical device consists 
chiefly of the Tutton interferometer 1 for 
producing fringes or bands, together with a 
suitable source of light, means of selecting 
and directing the particular kind of light 
required and of viewing the bands, and a 
mechanical arrangement for producing slow 
and steady relative motion between the 
interfering surfaces. 

c< The essence of the interferometer is that 
homogeneous light, of a definite wave-length 
corresponding to a single spectrum line — 
isolated with the aid of a constant-deviation 
prism from the spectrum derived from a 
cadmium or hydrogen Geissler tube, or a 
mercury lamp — is directed by an auto-collima- 
tion method, ensuring identity of the path of 
the incident or reflected rays, normally on 
1 Phil . Trans , A, 1898, cxci. 324. 
von. hi 


two plane surfaces, arranged close to each 
other and nearly, but not absolutely, parallel ; 
the two reflected rays give rise, by their inter- 
ference, to rectilinear dark interference bands 
on a brilliantly illuminated background in the 
colour corresponding to the selected wave- 
length. 

cc In the instrument now described, on© of 
these two reflecting surfaces concerned in the 
production of the interference bands is carried 
by, and moves absolutely with, one of the 
two microscopes emjfloyed to focus the 
fiducial marks, or defining lines, 5 deter- 
minative of the length of the standard, the 
other being absolutely fixed. The movement 
of either of the surfaces with respect to the 
other causes the interference bands to move, 
and the extent of movement of the surface is 
equal to half the wave-length of the light 
employed for every interference band that 
moves past a reference mark carried by the 
fixed surface. The movement of the micro- 
scope parallel to • itself and to the length of 
the standard bar is thus measured by count- 
ing the number of bands, and the initial and 
final fractions of a band which are observed 
to pass the reference spot during the move- 
ment, and multiplying that number by the 
half wave-length of light radiation used in 
the production of the bands. It is only 
necessary, therefore, in order to compare the 
lengths of two bars, (1) to place the bar of 
known length, say, the Imperial Standard 
Yard, under die two microscopes So that the 
two defining lines are adjusted in each case 
between the pair of parallel spider lines carried 
by each of the micrometer eyejueces ; (2) to 
replace the standard by the copy to be tested, 
so that the defining line near one end is 
similarly adjusted under the corresponding 
microscope, then, if the other defining mark 
is not also automatically adjusted under the 
second microscope which carries the interfero- 
meter glass surface, as it should be if it is an 
exact copy, (3) to traverse that microscope 
until it is so adjusted, and (4) to observe and 
count the number of interference bands which 
move past the reference spot during the 
process. The product of this number into 
half the wave-length of the light used to 
produce the bands thus obviously affords the 
difference between the two lengths included 
between the defining marks on the two bars.” 2 

Such an optical arrangement depends for 
its success on the exceptional accuracy of 
finish of certain mechanical details. It is 
necessary in traversing the microscope that 
it should move truly parallel to itself, i.e. 
without any rotational motion throughout 
the whole distance of its traverse, and this 
condition can only be fulfilled by ensuring 
that the various surfaces which are in sliding 
2 Tutton, Phil. Trans . A, 1910, ccx. 1. 

R 
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contact are lapped extremely truly, a task 
obviously calling for the highest mechanical 
skill. Also, the motion of the microscope, and 
hence the passage of the bands across the 
field of view, must be under perfect control, 
and this is effected by a special slow- motion 
screw. That these mechanical details are 
satisfactory is shown by the fact that the 
bands move across the field of view with 
perfect steadiness, without rotation in the 
field of view, without alteration in width, 
and with no vibration, and when the actuating 
screw is stopped they cease moving im- 
mediately. 

In the following paragraphs a brief descrip- 


tion in or out of the room. The constant 
temperature of 62° F. is thus maintained, day 
and night, throughout the year. 

The greater part of the apparatus is carried 
on the larger of the two stone blocks, the 
smaller and lower block carrying the interfero- 
meter-telescope pedestal. The large block, on 
its upper surface, carries a V and plane bed 
6-5- feet long. In front of the block, and form- 
ing a step 7-5 inches wide, is another surface, 
nearly 8 inches lower than and parallel to the 
top surface, and this also carries a V and 
plane bed. Both beds are identical except 
in width. They lie on iron plinths securely 
bolted to the stone block, are made of close- 



Fig. 8. — General View of Tutton Wave-length Comparator. 


tion is given of the main details of the 
apparatus. 

The Tutton Comparator {Fig. 8) is in use 
at the Standards Department of the Board of 
Trade, Old Palace Yard, Westminster, where 
it is housed in a room in the basement. The 
floor of the room is 10 feet below the street 
level, and the actual foundations for the 
instrument commence 4 feet lower still. The 
foundations, which are “ isolated ” from the 
surrounding floor and earth, consist of two 
concrete blocks carrying two stone blocks, 
which in turn support the apparatus. 

Since it is necessary to control the tempera- 
ture during the course of observations, which 
may at times be rather protracted, the room 
is provided with a number of electric heaters, 
which are controlled by means of a thermo- 
stat. The thick stone walls and the double 
doors assist by reducing the amount of radia- 


grained cast-iron so as to secure homogeneity, 
are machined and lapped very accurately, 
and are so secured to the plinths as to be under 
the least possible strain. 

The lower bed carries a special table, on 
which are placed the standards to be com- 
pared, and which are capable of various 
adjustments, both quick and fine, which are 
needed to bring the lines of the standards 
into correct position in the field of view of the 
microscopes. Some of these adjustments are 
of a novel nature, and provide a smooth and 
easy motion devoid of jerkiness. 

The upper bed carries two sliding steel 
blocks, which can be secured to the former 
in any desired position. Each block is 
finished so that the upper surface provides a 
V and plane bed for the support of a steel 
slab to which is rigidly attached a microscope 
overhanging the table on the lower bed. The 
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motion of the slab over a block is controlled 
by the special slow- motion screw already 
referred to, the mechanism being briefly as 
follows. In a cylindrical hole, bored through 
the length of the block parallel to the direc- 
tion motion of the block, slides a well-fitting 
phosphor-bronze rod, which carries a project- 
ing piece engaging through a slot in the upper 
part of the block with the slab above. The 
rod, and therefore the slab, is moved by 
means of a fine screw, fifty threads to the inch, 
fitting into one end of it. The end of the 
screw which projects from the block carries 
a worm-wheel of 100 teeth, which engages 
with an endless screw at right angles to it. 
This endless screw is worked through a flexible 


Beck, are fitted with various adjustments so 
that they can be set up with their optical 
axes vertical and parallel. Each is counter- 
poised by a leaden weight on the opposite 
side of the steel slab. They are fitted with 
double-motion cobweb micrometer eyepieces, 
and the magnification can be varied accox-ding 
to the nature of the lines under observation. 
Using a f-in. objective, and eyepieces No. 1 
and No. 2, magnifications of 150 and 280 are 
obtained. Either of these arrangements of 
lenses is suitable when bars like the Imperial 
Standard Yard are being observed, since it 
permits of focussing on to the lines at the 
bottoms of the cylindrical holes and at the 
same time provides sufficient clearance for 



Fig. 0. — Central Part of Tutton Wave-length Comparator, showing Interferometer. 


shaft by means of the control wheel mounted 
on the small stone block in front of the instru- 
ment and near to hand for use by the observer 
viewing the bands in the telescope. One turn 
of the control wheel, which is graduated on 
its circumference, corresponds to the passage 
of fifteen interference bands across the field of 
view, corresponding to a movement of the 
microscope of -005 mm. The fine screw is 
also provided with a milled head for turning 
it independently of the control wheel, together 
with a divided drum for taking measurements 
of the fci’averse. 

As already mentioned, the parts referred 
to in the foregoing paragraphs are those 
calling for such refinements in accuracy of 
the moving parts (the straightness and flat- 
ness of the bed, etc.), and rendering possible 
the use of the interferometer. 

The microscopes, specially made by Messrs. 


the bars to bo traversed under the micro- 
scope. 

With a r V-in. dry objective, magnifications 
of about 1600 and 3000 are attained, suitable 
for viewing such fine lines as the Grayson 
rulings. Illumination of the microscope is by 
means of a distant Pointolite lamp, the rays 
from which are first filtered through a copper 
acetate solution, thus giving a greenish blue 
light. 

The interferometer (Fig. 9) consists of an 
auto-collimating telescope, a dispersing ap- 
paratus, and three truly piano glass plates, 
two of which are responsible for the formation 
of the fringes. 

The telescope is fixed by the side of the 
control wheel previously mentioned, with its 
axis at right angles to the run of the bed of 
the comparator, and is carried on a rigid 
pedestal resting on the lower and smaller 


244 


COMPARATORS 


stone block. The pedestal has adjustments 
by means of which, the telescope can be moved 
in three directions mutually at right angles. 

The source of the monochromatic light is a 
cadmium, hydrogen, or neon vacuum tube 
fixed by the side of the telescope. 

The dispersing apparatus rests on an ad- 
justable horizontal divided circle attached to 
the upper bed of the machine, and serves to 
select the required radiation. The dispersion 
may be effected either by two refracting 
prisms, or by a Hilger constant deviation 
prism. The latter has proved to be very 
satisfactory in practice ; it has the advantage 
that, in order to change from one kind of 
radiation to another, only one operation is 
necessary, viz. the rotation of the prism. 

Of the three optical plates or discs (Fig. 
10), one, < 7 3 , is of black glass, and the other 



two, < 7 X and g 2 , of clear glass. The black disc, 
optically polished on one side and ground on 
the other, is suitably mounted on the micro- 
scope just above the objective and so that a 
line normal to its surface is parallel to the run 
of the bed. The two clear glass discs, polished 
truly on both sides, are in the form of wedges 
with 35-minute angles, and are identical. 
They are supported in a suitable holder G, 
so that they are very nearly parallel to one 
another and to the black glass disc, but so 
placed that the thin end of one is opposite 
the thick end of the other. The holder G 
is fitted to, and can slide along, the front of 
the upper bed, between the microscope and 
the dispersion prism, and can be rigidly fixed 
for use in any desired position. All three 
discs are fitted with adjusting screws, c, 7i, 
and Jc, so that the various polished surfaces 
may be set correctly with respect to one 
another. 

Interference takes place between the polished 
front surface of the black glass g s and the 
nearer surface of the disc g 2 immediately 
opposite, and the angle between the two 
interfering surfaces is so arranged that the 
fringes appear vertical in the field of view 
of the telescope. Reflection from the back 
surface of y 2 is eliminated by its 35-minute 
inclination to the front surface. But this 
same inclination of the two surfaces gives rise 
to a slight dispersion effect, the correction of 


which is brought about by the introduction 
of the third or countervailing disc g x . The 
bands of course move across the field of view 
when the distance between the interfering 
surfaces is varied, and this, as is noted earlier, 
is brought about by the movement of the 
microscope. 

It has already been noted that the apparatus 
can be used with or without the interferometer, 
but whichever method is employed for com- 
paring two standards, the comparator has 
the advantage that the conditions existing 
during a set of observations can he repeated 
at a later time, mainly because the temperature 
is under control. 

The control of the hands is, as a rule, a 
matter of care and patience, and is frequently 
a very tedious process when the fringes are 
numerous. The number of bands observed, 
however, depends, at the commencement and 
at the finish of the counting, on the way in 
which the central axes of the defining lines 
on the standards are estimated in the micro- 
scopes. If the lines are wide or, worse still, 
have irregular edges, the operation of judging 
the centres of the lines is a difficult process, 
and it is probable even that different observers 
may make different estimations, with a corre- 
sponding difference in the total number of 
bands counted. The coarseness of the lines 
is therefore a drawback to the method, and 
may give rise to errors out of all proportion 
to the accuracy with which measurements ean 
be made with the interferometer. Some idea 
of the coarseness of the lines may be gathered 
from the fact that the width of those on the 
imperial standard yard corresponds to the 
passage of forty-five interference bands past 
a reference spot, and those on the platino- 
iridium yard to fifteen bands. The remedy 
appears to be to produce standards with lines 
the width of which is comparable with a wave- 
length, coupled with an increased power in 
the microscope, but this point has been dis- 
cussed elsewhere. 1 

§ (5) The Brunner Comparator. — The 
Brunner Comparator, 2 Fig. 11, a,t the Bureau 
International des Poida et Mesures, is employed 
only in the comparison of standards one metre 
in length. In principle it is the same as the 
N.P.L. comparator, and differs from it mainly 
in the manner in which the microscopes are 
mounted, these being supported solidly by 
two massive pillars, one on either side of the 
rest of the apparatus, which is supported on a 
separate block. The tank, fitted with girder 
and rollers for siipp orbing the bars under 
observation, is fixed to a carriage which in 
turn rests on a cast-iron base. By means of 
wheels attached to the carriage, the latter (and 
therefore the tank) can be moved along the 

1 “ Line Standards,” § (1) (vi.). 

5 Trai\ et M6m. de JB.I.P.M. vii. 
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bed, to and fro under the microscope, or can 
be moved entirely from under the microscope 
to render the interior of the tank more access- 


ible. The carriage is fitted with an adjust- 
ment whereby the four screws on which the 
tank rests can b© simultaneously turned, and 
the tank therefore bodily moved vertically. 

§ (6) Tee Universal Comparator at 
Bisrne. — This comparator {. Fig . 12), made by 


piece of apparatus. Thus, using only one of 
tile two tanks, it is possible (a) to compare 
any two similar standards having any length 

between the limits 0*1 
inetre and 1*25 metre, 
and (b) to determine co- 
efficients of expansion 
by the comparative 
methods. Employing 
both tanks, (c) abso- 
lute coefficients of 
expansions can be 
measured. Further, by 
removing one of the 
tanks and replacing it 
by a specially made bed 
provided with a longi- 
tudinal movement, it is 
possible (d) to calibrate 
the subdivisions of a 
scale, and (e) to com- 
pare short scales (i.e. 
those which cannot he determined by the 
method indicated in (a) above). For method 
of carrying out (d) and (e) sec <c Subdividing 
Comparator ” (§ (9)). 

The main, features of the apparatus are 
given below and will be readily followed by 



Fio. 11. — The One-metre Comparator at tlie Bureau International des Poids 
et Mesures. (Made by JBrunner frOres.) 



Tig. 12. — The Universal Comparator of the Bureau E6d6.ral d cs Poids ot Mesures at Berne. 

(Made by Xa Soetf/bd Gencvoisc.) 


the Societe Genevoise, is in use at the [Bureau 
Federal des Poids et Mesures at Berne. Its 
design is such that all the determinations 
required in connection with line standards 
or scales may be made by means of the one 


means of the illustration. The microscopes 
arc carried on a strong cast-iron box-girder, 
which can bo filled with water for the purpose 
of preventing abrupt changes in its tempera- 
ture. The girder is supported at th© ends 
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on two separate massive pillars, and any 
longitudinal constraint in it is obviated by 
means of three balls which provide the actual 
points of supports, and which rest in the usual 
hole slot and plane. One vertical side of the 
girder is provided with two horizontal guide- 
rails, to which fche microscopes are fixed, and 
along which they may be moved as desired. 
The microscopes can be fixed at any desired 
distance apart between the minimum OT 
metre and the maximum 1-25 metre, and a 
scale fixed to the slide facilitates the operation 
of setting them at the required distance apart. 
Each microscope is fitted with all the necessary 
adjustments, and illumination is provided by 
small electric glow lamps placed near the 
objective, the current being fed through two 
special horizontal insulated rods attached to 
the girder, contact being made with these by 
means of brushes attached to the microscope 
slide. The microscopes are fitted with object- 
ives giving magnifications of 60 and 100 
diameters. 

One of the tanks, is fitted with two troughs, 
the inner one being fitted up in. the usual 
manner for receiving two standards or scales, 
and provided with the usual adjustments in 
three azimuths. Provision is made for the 
thermometers, and for stirrers worked by a 
small outside motor. This is the tank used 
for ordinary comparisons of length and for the 
determination of coefficients of expansion 
((a) and (b) above). 

The other tank is a single one and contains 
one girder only with its adjusting gear. In 
conjunction with the other tank, it is used 
for the determination of absolute coefficients 
of expansion ((c) above). 

Both tanks will, as already gathered, 
accommodate specimens up to 1-25 metre 
in length. Placed with a sufficient distance 
between them, they are carried on special 
cast-iron supports, which are bolted to a 
cast-iron frame which rests on four rollers. 
These rollers can be moved along two rails 
on the main bed underneath, one rail being 
an inverted V shape in section, the other 
being flat, the wheels being shaped to fit 
accordingly. Side play in the wheels is 
eliminated. The frame or truck, and there- 
fore the tanks, can be moved to and fro under 
the microscopes by means of a special screw 
working in a nut attached to the truck, power 
for the purpose being supplied by a small 
electric motor. This provides for great dis- 
placements, but fine adjustments can be made 
by means of two small fly-wheels set in motion 
by hand and rotating the nut only. 

The single tank can be removed and re- 
placed by a light but rigid cast-iron bed, on 
which can slide longitudinally a plate pro- 
vided with various adjustments, and with 
supports for a bar having any length up to 


IT metre. Two small plates are also provided 
for use with two small scales, and each has 
its own vertical adjustment so that any 
difference in the thickness of the scales may 
be allowed for when bringing their graduated 
surfaces into the same plane. The sliding 
movement is made by means of a rack and 
pinion actuated by a hand wheel which is 
provided with a tangent screw for fine adjust- 
ments. A wooden cover protects scales and 
bed against temperature changes. This portion 
of the apparatus is used for calibrating scales 
and for comparing short scales ((d) and (e) 
above), and Fig. 12 shows it in position with 
the cover removed. 

The observer, when using any portion of 
the apparatus, stands on a movable platform 
which follows the movement of the truck. 
This platform surrounds the double tank, 
and enables the observer to place himself 
either between the tanks for reading on either 
of them, or on the outer side of the double tank. 

§ (7) Four - metre Comparators, — The 
four-metre standard, as mentioned elsewhere, 1 
provides the link between the ultimate standard 
length, the metre, and the longer standards 
in the form of tapes and wires, and it is neces- 
sary, therefore, to provide a special comparator 
in which the four- metre standard may be com- 
pared with the metre standard. Such a com- 
parator is only a large edition of the smaller 
variety, and is manipulated in the same way. 

(i.) The N.P,L, Four - metre Comparator 
(Fig. 13) is constructed on the same principle 
as the one-metre comparator. The double 
tank is provided with two girders supported 
at the ends, and capable of adjustments in 
three azimuths. It is supported at either end 
on two concrete pillars, and is moved to and 
fro on four wheels, two at each end, each pair 
running in a V groove in a plate attached to 
the concrete block. The bed for the micro- 
scope supports rests on a concrete block, just 
over twelve feet long, and placed immediately 
behind the tank. There are five microscopes 
for viewing the five lines defining the metre 
lengths on the four-metre bar. Illumination, 
etc., are as in the N.P.L. one-metre comparator. 
An electric motor under the tank works two 
rotary pumps, which circulate separately the 
water in the two tanks. 

Method . — In order to carry out the compari- 
son, the longer standard is placed on one of 
the girders, with its supporting rollers at the 
Airy points. The metre standard, also 
supported at its Airy points, is placed on the 
other girder opposite one of the metre lengths 
of the longer standard, say the first. These 
two -metre lengths are then compared in 
precisely the same way as two similar lengths 
in the one-metre comparator. The metre bar 
is then turned end to end and the comparison 
1 “ Line Standards,’* § (3). 
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repeated. Next, the shorter bar is moved untiL 
it is opposite the second metre length of the 
longer standard, and two comparisons again 


made. The process is then repeated with the 
third and fourth lengths. The next step 
consists in turning the longer bar end to end, 
and obtaining further pairs of observations on 
the metre length. 

After this the bars are exchanged on their 
girders, and similar sets of observations made. 

Thus each metre length of the four-metre 
standard is compared eight times with the 
metre standard. When all the results have 
been corrected to tho same temperature — and 
this correction is almost negligible for bars 
of the same material — the mean of each eight 
sets can he found. Then the sum of the four 
results will give the total error of the four- 
metre length, the accuracy of the determina- 
tion being probably equal to that obtaining 
with the known length of the metre standard, 
against which it has been compared. 

(ii.) Coefficients of Expansion ,. — Tho N.P.L. 
four-metre comparator can of course be used 
for determining coefficients of expansion of 
standards or materials that cannot be accom- 
modated in a one-metre comparator, a com- 
parative method being necessarily employed. 

§ (8) The Pour- metre Comparator of 
the Indian Geodetic Survey. — Just previous 
to the commencement of the great war, the 
Indian Government considered the question 
of bringing the equipment of the Geodetic 
Survey up to date, and with the assistance of 
Sir David Gill (who was appointed consulting 


engineer), the N.P.L., and the International 
Bureau, it was decided to acquire a set of 
invar tapes and wires, and, for checking these 
periodically, a number of four-metre standards. 
This necessitated the provision also of a 24- 
metre base and a four-metre comparator. 

This four-metre comparator is illustrated 
in Fig. 14, and embodies 
many features due to the 
late Sir David Gill. It 
is primarily intended for 
the determination of the 
lengths of the four-metre 
standards against pre- 
determined one - metre 
standards, but of course 
can be used also for the 
comparison of any two 
similar lengths up to four 
metres, and for the deter- 
mination of coefficients of 
expansion, either abso- 
lutely using both tanks, 
or comparatively using 
one tank only. The way 
in which the apparatus is 
manipulated and tire 
manner of taking observa- 
tions have already been 
described in connection 
with other comparators, 
and it only remains here to give some account 
of its construction and working. 

The construction of th© comparator was 
entrusted to the Cambridge Scientific Instru- 
ment Co., and was set up and tested at tho 
India Office Store in London before being 
despatched to India. 

The microscopes MM are carried on a cast- 
iron box-girder or bridge G, which is supported 
at its ends by two masonry pillars. The 
girder is well lagged and filled with water, 
which by convection and its high specific heat 
tends to maintain the girder at a uniform 
and constant temperature, and therefore 
reducing to a minimum any change in tho 
length of the girder and in the distance 
between the microscopes. In order to prevent 
strains duo to temperature, the girder is 
mounted on three Hoffman halls, two at one 
end K, and one at the other end L. Of those 
at K, one rests between two coned Beatings 
and the other between two parallel plates, 
while the ball at L rests in two parallel 
opposing V grooves. Along the upper and 
lower edges of one long vortical side of the 
girder are blunt V-sect ion- shaped guide-rails 
to which may be clamped, and along which 
may be moved, the two microscope earners. 
The latter are made of cast-iron, are roughly 
triangular in shape with the apex downwards, 
and are provided at the comers of the triangle 
with “ claws ” for engaging with the guide- 
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rails, the bottom one being provided with a 
clamp. The two Zeiss micrometer micro- 
scopes are arranged to give magnifications of 
15 or 25, and are provided with adjust- 
ments for setting them vertical, parallel, and 
at the same height. Illumination is secured 
by either a small glow-lamp near to the micro- 
scope in each ease and used only in the pre- 
liminary observations, or by a distant source of 
light, used when observations are made. The 
microscopes can be set apart at any distance 
varying between *17 metre and 4 metres. 

On rails S below the bridge is the carriage 
C for the tanks A and B and their various 


that is, it consists of an outer and inner 
trough, A a and A x respectively — and is fitted 
to accommodate two standards. The other 
tank B is a single one, and can accommodate 
one bar only at a time. The troughs of both 
tanks are made of copper, and each tank is 
lagged, with felt and teak boards. The inner 
tank is supported at the Airy points of the 
four-metre bar. The gun-metal girders of both 
tanks are of I section, and are supported at 
the Airy points by means of gun-metal saddles, 
which are provided with means of adjustment 
so that the girders may be given slight move- 
ments, up and down, to and fro, and longi- 
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accessories. The rails are about 4 } feet apart, 
one of them, acting as a guide rail, is bevelled 
along its top, while.the other is flat-topped, 
the two wheels working on the former being 
flanged, and the_ two working on the latter 
being barrel-shaped. The carriage — a frame- 

W ° 1 " ii. g i rd T S ail( ^ ^ e ' ro< ds — is traversed 
under the bridge and microscopes by means 

i a j s d uare -bhreaded screw-shaft, centrally 
placed between the rails. This screw moves 
m a block coupled to the carriage, and is 
worked either by hand or by means of a 
o-horse-power motor. The carriage, when 
near the end of its run in either direction 
comes into contact with and operates a tumbler 
switch, thus cutting ofi the current of the 
motor and preventing any oyer-running of the 
carnage. 

Of the two tanks provided, one A is double 


tudmally. These adjustments are operated 
by hand by means of vertical spindles which 
project through the covers of the tanks. The 
covers, five in number for each tank, are 
slotted longitudinally for viewing the bar or 
the thermometers, and also transversely at 
metre intervals corresponding to the metre 
intervals of a 4 -metre bar. Attached to 
each girder at intervals are crutches for 
.supporting the mercury thermometers. Each 
trough is filled with water, the bars in the 
troughs A and B being thereby totally 
immersed. Each has its own system of 
circulating the water by means of rotary 
pumps driven by motors. The water, drawn 
out by one pipe, passes through the pump 
and is returned to the trough by another pipe, 
the whole of the water being completely 
circulated every 1J minute, and equalisation 
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of temperature thereby maintained. The 
three pumps and motors are carried on a 
platform placed between the two tanks. 

Placed in the water circuit of the outer tank 
are an electric heater for raising the tempera- 
ture of the water, and a thermostat R for 
maintaining it at any desired temperature, 
both being carried on the platform between 
the tanks. The electric heater consists of eight 
heating coils, carried in seven narrow flat 
pockets placed vertically, and communicating 
with a common chamber at the top, two of the 
heaters being in one pocket. Pockets and 
chamber are filled with oil. The whole is in 
a box, and the water is made to circulate 
through the box and past the pockets, baffle 
plates fixed between the pockets helping to 
direct the flow and bring the water into 
intimate contact with the heating units. Of 
the two heaters in one pocket, one is connected 
with the thermostat, the other one, together 
with the remaining six, is connected with the 
100-volt circuit, and any or all of them can 
be put into service by means of switches on 
the lid of the box. The thermostat consists 
of a number of tubes, connected with a short 
length of glass capillary tube pro j ecting 
through the lid of the thermostat, and the 
whole filled with mercury, thus forming a 
thermometer cc bulb.” The capillary tube 
ends in a short open-ended funnel. Just above 
the mercury surface is a platinum needle, the 
distance of whose free end from the top 
surface of the mercury can be controlled by 
a micrometer screw. The height of the 
mercury surface is also adjustable by another 
micrometer screw working on the diaphragm 
of a cell connected with the thermometer bulb. 

To raise the temperature of the water, most 
or all of the heaters are put into action until 
the desired temperature is nearly attained. 
Certain of the coils are then cut out, leaving 
in operation, in addition to the thermostat 
coil, only those necessary to compensate 
nearly, but not quite, for the loss of heat 
due to radiation. The thermostat coil more 
than makes up any loss of heat, and the 
temperature continues to rise until the rising 
mercury column meets the platinum wire 
(the distance between them having been 
previously adjusted) and so closes a circuit 
containing a battery which operates a relay 
F, which, in its turn, cuts off the thermostat 
coil. The temperature then fails slightly until 
contact between the mercury and platinum 
is broken and the thermostat coil again called 
into action. This cycle of operations is 
repeated so long as it is required, and by its 
means any temperature can be maintained to 
about 0-01° C. for an indefinite period. 

If it is desired to reduce the temperature of 
the water, it may he circulated through a 
cooling tank, and back through the heater 


and thermostat (both out of action, of course) 
to the trough. 

The microscopes for reading the thermo- 
meters are of two types. One is of the ordinary 
kind, mounted, on a tripod, and calls for no 
further comment. The other kind is designed 
to overcome the difficulty of reading the 
temperature when the tank containing the 
thermometer is underneath the bridge, and 
when the ordinary type cannot obviously he 
used. The microscopes are therefore bent, as 
the diagram indicates (Fig. 15), the path of a 
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vertical ray of light through, the objective O 
being twice deflected at right angles by two 
total reflection prisms into the eyepiece 35. 
To balance the weight of this horizontal arm 
a counterpoise C is added. 

In order to eliminate the effect of surface 
disturbances of the water, the apparatus is 
provided with immersion glasses which consist 
of a piece of plain, gla-ss set at the bottom end 
of a short brass tube carried by a small stand 
with three studs or feet. "When in use the 
immersion glass is placed in the opening . of 
the tank over the graduation line, the three 
feet resting on the tank -cover, and the glass 
below the surface of the water. (See sketch. 
Fig. 16.) To prevent the possibility of dust 
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and air-bnhhles adhering; to the glass if the 
device is placed directly in the water, a 
special holder in the form of a saucer with a 
bent handle is provided. The saucer is filled 
with ©lean water, and the immersion, glass 
carefully placed in it. The two together are 
placed in the water, and. when the immersion 
glass is seated, in its place the holder is with- 
drawn. The use of such an immersion glass 
will give good, results only when, the glass has 
flat and parallel surfaces, and is placed in the 
water horizontally, thereby preventing any 
relative displacement of the image of the line. 1 

x See Engineerinff, Aug. 20 and 27, 1915, c. 179, 
209. 




250 


COMPARATOBS 


§ (9) Eokgi'tubotai, on Subdividing Com- 
parator. — (i.) This apparatus, as its name 
implies, is used mainly for examining the 
lengths of the subdivisions of a standard or 
scale, and so obtaining the amount by which 
each deviates from its nominal length. It is 
so designed that nominally equal subdivisions 
of a standard or scale may be compared one 
with another with great facility, and then 
with the help of the over- all length of the scale, 
which has been obtained by means of one of 
the transverse comparators already described, 
their individual lengths may be determined. 
In other words, a calibration of the scale is 
obtained, and provides therefore a selection 
of shorter standards that may be used for the 
direct measurement of corresponding lengths 
on other scales. 

The comparator can also be used for the 
comparison of a bar of unknown length with 


to indicate the general features of such an 
apparatus. 

This comparator {Fig. 17), in common with 
others of the type, is simple in both construc- 
tion and manipulation. It consists essentially 
of a main bed, a carriage which s can be moved 
along the bed, and two microscopes suitably 
mounted on another bed for observing the 
lines. The whole is supported on three 
concrete blocks which rest on the bottom of 
a brick-lined pit, and which are isolated from 
the walls of the latter by an air-space. Two 
of the blocks, about 18 in. x 12 in. square hori- 
zontal section, are set about four feet apart, 
and serve to support securely the ends of the 
main bed which stretches from one to the 
other. The other block of rectangular hori- 
zontal section, about 4 ft. x 1 ft., is situated 
between these, and so that it is immediately 
behind the bed. It carries on its upper surface, 



PIG, 17. — The Longitudinal ox Subdividing Comparator at the National Physical Laboratory. 


one whose length is known, provided the 
apparatus will accommodate the two placed 
end to end, and it becomes the essential 
instrument for this purpose when the two 
lengths are too short for observation in a 
transverse comparator. It will be realised 
that with the latter apparatus a certain 
minimum observable length is imposed upon 
it by the limiting relative positions of the 
microscopes when, by reason of the space 
they and their supports occupy, they cannot 
be brought any closer together. This minimum 
distance is usually about one decimetre, i.e . 
about four inches, and hence the necessity 
for employing other means for determining 
lengths shorter than this. The same limita- 
tion of distance exists of course between the 
microscopes of the subdividing comparator, 
and it will be made clear in what follows how 
the latter overcomes the apparent difficulty 
of dealing with the shorter lengths. 

(ii.) N. P. L. Subdividing Comparator . 
Description . — A brief description of the 
comparator in use at the N.P.L. will suffice 


which is sufficiently elevated for the purpose, 
the bed for the microscope mountings. The 
main bed, about 8-J ft. long and 4 in. wide, 
is made of cast-iron, and is of sufficiently 
stout construction to support the compara- 
tively light carriage, which can slide along 
the V and plane of the bed, the direction of 
motion being parallel to the length of the 
bed, and hence the term longitudinal in 
contradistinction to that of the transverse 
type of comparator previously referred to. 
The carriage consists of a flat iron plate, about 
5 ft. long and 6 in. wide, to the end of which 
are bolted cast-iron uprights to which are 
secured the supports or steps for the single 
girder employed for carrying the scale or 
scales to be observed. This girder is supplied 
with adjustments similar to those on other 
comparators, and is also provided with the 
usual rollers, which can be fixed at the Airy 
points of a scale. The girder and supports 
are enclosed in a wooden box of which the 
iron plate forms the base. The lid is made 
in two pieces which, when in place, leave a 
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slot through which the whole scale can he 
viewed ; but in use the slot is usually covered 
with a series of small blocks of wood which can 
readily be moved so as to permit of any line 
being viewed without exposing the whole 
scale. The underneath side of the carriage 
is provided with a rack which, with a pinion 
working in it, and connected to a hand wheel 
in front, provides means of traversing the 
carriage to and fro. The microscopes are the 
same type as those used on the 3ST.P.L. trans- 
verse comparator, are mounted in the same 
manner, and are provided with the same 
system of illumination. A thermometer 
placed inside the box completes the equipment. 

§ (10) The Longitudinal Comparator, 
illustrated in Fig. 18, 1 at the Bureau Inter- 
national des Poids et Mesures, was designed 
by MM. Benoit and Guillaume expressly 


microscopes, which can be fixed in position 
by means of binding screws. The microscopes 
are so mounted that they can be adjusted 
easily in three azimuths, and are illuminated 
in the usual way. 

The carriage supports a plate, mounted on 
three adjusting screws for levelling purposes, 
and this again, when necessary, supports two 
smaller plates, each adjustable in the same 
way. The smaller plates are specially adapted 
for supporting decimetre standards. 

The trough is provided with a suitable 
sectional cover, which is placed in position 
when the apparatus is set up and ready for 
use, in order to assist in obtaining a uniform 
and steady temperature inside the trough. 

As compared with the N- P.L. comparator 
described above, this apparatus is limited in 
use owing to the limited displacement of the 



Fig. 18. — The Longitudinal or Subdividing Comparator at tlie Bureau International des Poids et Mesures. 

(Made by MM. Bariq.uand et Marrc.) 


for the purpose of comparing standard 
decimetre scales. It consists of a cast- 
steel base in the form of a trough supported 
by three adjusting screws. Its internal 
dimensions are 1-2 m. x-23 m. In the bottom 
of the trough is a V and plane bed supporting 
a carriage 65 cm. long which can slide along 
the bed, and to which motion is imparted 
by means of a rack attached to the near 
side of the carriage, and a pinion worked by 
a hand wheel in front of and outside the 
trough. This wheel is graduated along its 
outside edge into 100 parts, which, as the 
wheel is turned, indicate the number of 
millimetres through which the carriage is 
moved. Pine adjustments of the carriage are 
obtained by a long lever which can be clamped 
to the pinion spindle by means of a screw, 
but which otherwise is left free and out of 
action. 

Resting on two thick strips of nickel placed 
along the top edges of the trough are two 
1 Trav. et M6m. B.I.P.M. xiii. E. 


carriage, hut its utility can be increased by 
the addition of sheet-iron extensions at each 
end of the trough, whereby the latter is 
lengthened 32 cm. each way. 

§ (11) Calibration dip Scale. — (i.) The 
complete calibration of a scale is usually 
carried out in a number of successive stages, 
involving a corresponding number of suc- 
cessive subdivisions. This is best understood 
by considering actual cases, as, for example, 
the calibrations of the various subdivisions 
of a metre scale or of a yard scale. 

In the case of a metre scale it is usual to 
commence by (a) calibrating the decimetre 
divisions, and this is done by comparing each 
one with all the others in as many ways as 
possible. Since the microscopes can. be placed 
one decimetre apart, the method of carrying 
this out is analogous to that of intercomparing 
the same number of line standards in the 
transverse comparator, as will presently be 
clear. The second step consists in ( b ) cali- 
brating the centimetres, and since the micro- 
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scopes cannot in this case be placed so close 
together as to be only one centimetre apart, 
a modified method, differing from that for 
(a), is employed in carrying out the com- 
parison, It consists, briefly, in comparing the 
centimetres in any one decimetre division 
with the centimetres in another, hut not 
adjacent, decimetre division, and obviously 
five such pairs of decimetres in all can be 
dealt with in this way. The method of doing 
this is explained below. The third step 
consists in (c) calibrating the millimetres in 
each centimetre length by a method similar 
to that for (6). If the scale is further sub- 
divided, the process can of course be continued. 

In a similar manner a yard scale can be 
dealt with in stages, such as (a) divisions each 
6 in. long, (6) inch divisions, (c) tenths of an 
inch divisions, etc. Alternatively, (a) divisions 
each 9 in. long, ( b ) inch divisions, (c) tenths 
of an inch, etc. Other ways of arranging the 
steps will suggest themselves. 

In the case of lengths other than yards or 
metres, similar stages of calibration can be 
devised, each varying according to the nature 
and extent of the subdivisions and of the 
calibration required. In most cases, where 
the scale is. long enough, the first step (a) 
usually involves subdivisions, each not less 
than the minimum possible distance between 
the microscopes. Successive stages include 
lengths shorter than this. Further, it is 
better to limit the number of subdivisions 
compared at any one time to not more than 
ten. A larger number may be taken, but an 
increase in the number always involves a much 
greater increase in the amount of observations 
to be taken, the latter being always as the 
square of the number of divisions. 

(ii.) Method . — The method of using the 
N.P.L. subdividing comparator for deter- 
mining the calibration of a scale is explained 
in the following paragraphs, the actual ex- 
ample taken being the calibration of a metre 
scale into (a) decimetres, (6) centimetres, (c) 
millimetres. 

(a) Decimetres . — The scale is placed in 
position on the girder of the comparator, 
with the supporting rollers as usual at the 
Airy points, and with, say, the zero end of 
the scale towards the left of the observer. 
The microscopes, previously adjusted for 
height, etc., are next fixed so that their axes 
are approximately one decimetre apart. This 
can be done by viewing the defining lines of 
one of the dceimetres, and adjusting the 
microscopes until the lines both appear in 
the centres of the fields of view. The carriage 
is moved so that the first decimetre of the 
scale is in correct position beneath the micro- 
scopes (the various adjustments for this and 
subsequent settings being exactly the same as 
those in connection with the N.P.L. transverse 


comparator), with the lines in the centres of 
the fields of view. The cross-wires are set 
on the lines in the usual way and the readings 
* noted. The carriage is next moved to the 
left, so that the second decimetre is in position 
beneath the microscopes, and the left-hand 
line so arranged that the reading in the micro- 
scope is, as nearly as possible, the same as 
that given by it when observing the first 
decimetre. The right-hand microscope then 
gives a reading differing by only a few microns 
from its previous one. Having taken read- 
ings and noted them, the third decimetre is 
observed in like manner, and so on up to the 
last decimetre. 

The series of readings is now repeated in 
the reverse order (the end to end position of 
the scale remaining unchanged), thus giving 
two readings on each interval. 

From the readings taken in the manner 
just described, the differences between suc- 
cessive intervals are readily found, that is, 
the difference between the first and the second, 
the second and the third, etc., nine in all. 

The precaution, whereby approximately the 
same readings are obtained with each setting 
of the microscopes, is a very necessary one, 
since it ensures that only a very small portion 
of the run, merely a small fraction of a turn, 
of the micrometer screw is used, and that, in 
consequence, the error introduced by the 
screw is entirely negligible. 

These results are independent of the tem- 
perature (assumed steady) at which the obser- 
vations are made, as a little thought will 
clearly show. The material on which the 
scale is ruled is homogeneous, and hence ex- 
pands uniformly throughout its length. The 
difference between two successive nominally 
equal lengths is as a rule only a matter of a 
few microns, and consequently this difference 
is not measurably altered by any expansion 
or contraction of the scale. If, however, the 
temperature alters during the short time 
elapsing between the measurement of two 
successive intervals, an error may be intro- 
duced into the subsequently obtained differ- 
ence, and if this change of temperature is 
continuous over a whole series of readings 
the error becomes cumulative. In practice 
it is found that the occurrence of such a 
change of temperature can rarely be avoided, 
but as the rate of change is as a rule slow and 
quite steady, the error can be eliminated by 
taking readings in both directions of the scale 
as already indicated. A skilled observer, how- 
ever, runs little risk in this way, as he will 
take the whole of the readings in the course of 
a few minutes. Moreover, if there is likely 
to he a rapid change of temperature, he will 
postpone his observations to a more favourable 
opportunity. 

Having compared the decimetres singly. 
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the next step is to alter the positions of the 
microscopes so that they are now two deci- 
metres apart, and to take readings on every 
such interval, following the same order as 
with the single decimetre intervals, and 
observing the same precautions. The first 
interval so observed involves the first and 
second decimetres, while the second interval 
involves the second and third decimetres. 
The second decimetre being common to both 
intervals, the difference between the intervals 
therefore gives the difference between the first 
decimetre and the third decimetre. Dealing 
with all the successive intervals in this way, 
we thus get a series of comparisons, or differ- 
ences, between alternate decimetres, the first 
and third, the second and fourth, etc., there 
being eight in all. 

Similarly, with the microscopes set three 
decimetres apart, the difference between the 
first and fourth, the second and fifth, etc., 
may be found, seven in all, and obviously 
the process can be repeated until the micro- 
scopes are nine decimetres apart, when the 
difference between the first and last deci- 
metres is obtained. 

Finally, the scale may be reversed on tlie 
girder of the comparator, and the whole of 
the observations repeated. The results ob- 
tained will be opposite in sign to those pre- 
viously found, but otherwise should approxi- 
mately agree. The mean of the two sets will 
obviously be taken. 

The whole process thus described results in the 
complete intercomparison of the decimetres, each 
one in turn with all the others. This is entirely 
analogous to the complete interoomparison of ten 
standard lengths (see § (1) (iv.)), and the likeness goes 
further in that the final values of the decimetre 
intervals, or rather the amounts by which they 
differ from exact tenths of the nominal metre length, 
are computed in precisely the same way by means 
of a square. Such a square is shown in Fig. 19, the 
entries being the results of observations made, in 
exactly the manner just described, on an invar bar 
at the N.P.L* The square is interpreted in exactly 
the same way as Fig . 6, e.g . interval 1/2 — interval 
5/6=*-f-5- 22 /x, or second decimetre — sixth deci- 
metre =* -j- 5 *22 yee- The various differences should 
be readily identified; for example, the nine results 
given in the small squares adjacent to and to the 
left of the diagonal line are the' differences found 
with the microscopes one decimetre apart ; the next 
diagonal line of results to the left of this gives the 
differences obtained with the microscopes two 
decimetres apart ; while the bottom left-hand corner 
gives the difference between the first and last deci- 
metres. The results are repeated in the other half 
of the square to the right of the diagonal, but with 
the signs changed. All entries having been made 
in the square, each column is added, and the sums 
entered at the bottom. The sum of these totals 
should be zero. Each total is now divided by ten, 
the number of decimetre intervals, giving the means 
M as shown. The results taken in order are the 


errors of the respective decimetres as indicated at the 
heads of the columns of the square. 

In the calibration thus obtained, the over-all 
lengths of the scale (that is, the metre length) has been 
taken as the unit of measurement ; or, expressed other- 
wise, the over-all length has been taken “ as correct,’ 3 
that is, having no end errors. But it is obvious that, 
although the over-all length may be exactly one 
metre at a particular temperature, it cannot be so 
at any other temperature, and in considering the 
absolute length of a subdivision this over-all error 
must be ♦taken into account. Suppose x microns 
is this over-all error at a certain temperature T, or, 
in other words, let the equation to scale be 

over- all length = l metre -h# microns. 

If the scale were correctly divided, each nominal 
decimetre length would be metre +a;/10 microns* 
Hence, in order to express correctly the absolute 
length, of each decimetre at a temperature T, it is 
necessary to add x / 10 microns to the error of each 
decimetre, x may of course be positive or negative. 
More generally, if d x , d 2 , * . . d xo be the errors of 
the decimetres taken in order, on the assumption 
that the over-all length of the metre is correct, then 
tlic absolute errors of the lengths of the decimetres 
at temperature T are 


Further remarks on this will be found in section (iii.) 

(q.v.). 

( b ) Centimetres . — The method of dealing 
with intervals shorter than one decimetre, 
that is, shorter than the minimum possible 
distance apart of the microscopes, is de- 
scribed below. 

Each decimetre is subdivided into ten 
centimetres, thus forming ten groups of 
centimetres. To commence with, two non- 
ad jacent groups are selected, and the centi- 
metres of one compared with the centimetres 
of the other. This done, other pairs of 
groups may be dealt with similarly. The 
choice of the most suitable pair to commence 
with depends on the extent to which the 
calibration is to be carried and the purpose 
for which it is required. If the calibration is 
not to be carried farther than the centimetres, 
that is, if lengths involving only exact multiples 
of a centimetre are required, then it is not 
necessary to calibrate the whole of the centi- 
metres ; it will be sufficient to determine only 
those in the first and last decimetres. But 
if the calibration is to be carried as far as the 
millimetres, then it is necessary to determine 
most of the centimetres, though it is usually 
found convenient to determine all. In the 
latter ease, the best way of selecting pairs of 
groups for comparison is to take the first 
with the sixth, the second with the seventh, 
and so on, finishing with the fifth and tenth. 
Subsequently, the calibration of the first ten 
and the last ten millimetres will then usually 
suffice for all purposes that are likely to arise ; 
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fractions of a millimetre can be measured by 
means of a reading microscope. As an illus- 
tration of the method, the remarks -which 
follow are confined to the consideration of 
the manner of comparing the first and last 
decimetres. 

The microscopes are first of all fixed at a distance 


3rd and 94tli, etc., centimetres, nine in all- With 
the microscopes 92 cm. apart, a similar series of eight 
differences is obtained, and the process is repeated 
until the microscopes are 99 cm. apart, giving one 
difference only, that between the 1st and the 100th 
centimetre. 

Next the microscopes are placed successively 89, 
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Fig. 19, 


of 90 cm. apart, and readings taken successively on 
the intervals 0/90, 1/91, . . . 10/100, and also in the 
reverse direction, precisely as with the observations 
on the decimetres, and with the same precautions. 
Prom the readings a series of differences is obtained, 
and a little thought will show that these are respect- 
ively the differences between the 1st and 91st, the 
2nd and 92nd, the 3rd and 93rd, etc., centimetres, 
ten in all. Next the microscopes are placed 91 cm. 
apart, and a further series obtained giving the differ- 
ence between the 1st and 92nd, the 2nd and 93rd, the 


88, 87, ... 81 cm. apart, and from the readings 
further differences are obtained. 

With the bar turned end to end, the whole of the 
foregoing observations may be repeated, if such a 
course is thought desirable or necessary. 

The results obtained, 100 in all, represent the 
comparison of each centimetre in turn of the first 
group with all the centimetres of the other group* 
and in order to find the errors of each centimetre 
in each group the hundred differences are entered 
in a square, as illustrated in Fig . 20. The entries 
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are the results of observations on the same invar bar 
which is involved in Fig. 19. The square presents 
obvious points of difference from previous ones 
considered. The columns and rows have different 
designations, the former representing the centimetres 
in the first group, while the latter represents those 
of the last group. Also, each small square contains 
an independent entry, i.e. each entry occurs only 
once (cf. previous squares), and further, both columns 
and rows are summed and moaned. The actual 


First, however, it will readily be seen that 

10 100 

S S=2 S-lO^-cLo), 

l oi - 1 

and that therefore 

10 loo 

2 M = 2 M = <<?!- . . (1) 

l oi A x 

That is, sum of means of columns = sum of means 
of rows = difference between the two decimetres. 
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+ 2*13 4 

-0-17 fl 

-O ’4G q 

+ 0*1 9 7 

+ O*29 0 

-O-51 0 


■+0*38 a 


1 

Successive 

Addition 

°/i 

=+0-22 

% 

= -1-19 

% 

=-0*61 

% 

=-0-13 

% 

=+ 2*01 

% 

“+1*83 

°/7 

=+1*37 

% 

=+1-56 

% 

-+1*85 

°/io 

=+1*33 




Fig. 20. 


computation of the finai results is a somewhat 
complicated matter, and in order to understand 
how this is done it is necessary to consider more 
generally the constitution of the square. 

Let d x and d 10 be the errors of the first and tenth 
decimetres, assuming the over-all error of the metro 
to be zero. Let q, ... ... 

the errors of the centimetres as denoted by the 
numbers suffixed to the letters. Then c x + c 2 + . . . 
4'C 10 = c? 1 , and c sl 4- . . . + c ioo“^io- ^ square 
{Fig. 21) can now be built up similar to Fig . 20. 

In the explanation which follows. Figs . 20 and 21 
should be constantly compared in order to discover 
the significance of each entry. In Fig . 21 the 
equations given in the rows and columns marked 
sums and means will give all the desired information. 


This result is important as it is required for some of 
the calculations. Further, 



M x c x —■ j 





or 

c i r -“ Mjl -T xV<Ao> 'l 




similarly 

o 2 “ M 2 T y 


► „ 

* 

• (2) 

and 

c xo = M 10 -h 

lV4lO- , 




In like manner 

M 91 ™ - c 01 

+ ro^i 

> 



or 

c ox ^ — M 0I 




and 

^ 02 “ 

-!- ro^i» 

[ ■ * 

■ (3) 

and 

c ioo - — M 100 d-xV^i* - 

1 















256 


COMPARATORS 


Equations (2) and (3) therefore give directly the 
required errors of the centimetres in the two groups. 
They involve, however, a knowledge of the individual 
errors of d x and ^ 10 , and these have been previously 
determined from an intercomparison of the deci- 
metres, such as is given by the square of Fig. 19. 
Further, a square such as Fig. 19 will also give the 
value of d ± — d 10 , which should agree with the value 
given, by (1) above. 

Also, equations (2) and (3) are of assistance in 
determining the calculated value of the difference 
between any two centimetres ; for example : 


C 1 C 91 ~ Qfi-% “hxiy^io) ~ 

— (M 1 H-M fl i) — — d 10 ) 9 y 

similarly 

C 3 “ C 95 5=3 (M 3 ~f-M 05 ) — Ytr(^l d%o)> 

and 

C 9 C 100 “f~ -^100 ) “ ” ^ 10 )’ 

etc* 




It will be noticed that there is a common term 


In calculating the actual errors of the centimetres, 
the errors of d t and d 10 have been taken from the 
square of Fig. 19 on the assumption that the over-all 
length of the metre is correct (a correction for any 
error on the metre length can be applied afterwards), 
i.e. d x = 4-1*33 /x, tf 10 == — 2-81 /x. Applying equations 
(2) and (3) and using these values of d x and d X09 the 
errors of the centimetre intervals are thus found. 
For example : 

0/ 1 = c x = M x + 

= +0-47+yV( “* 2-81)= 4-0*19 jx, 

6/7 — Cy =Mi7 +i.V4lo 

= - 0 *22+ T \( - 2*81)= — 0-50/x, 

90/91 = c 9X = — 4-'x7)^i 

= — ( — 0*70) 4 - x*c( “b 1 *33) — +0-83 

etc. 

These results arc subject to a small correction. If 
the errors of the centimetres in any one decimetre 
bo added together, their sum should be equal to th© 



°/i 

V2 

2 /s 


°/io 

Sums 

Means 



9 %1 


0 0 

p p 


O -p 



C 1 C 91 

°2 C 9 l 

O —O 

C 3 C 91 

p p . 


°10 

Q Vq 2 

Sg^-IOCg/^ 

M 92 = ’"^ 92 + l 6 Cl 1 

C 92 

°2 U 92 

C 92 


u 10 U 92 

9Z /93 

O ^O 

n -O 

r -C 


n -n 

S 93 10 C 93 +d l 





U 93 

^3 u 93 


u 10 °93 

99 /l 00 

C 1 -°ioo 

C 2"“^100 

C 3 -C 10O 

— 

c io~* c ioo 

s ioo = “ 1 c>C iod fcI i 

^100 ^loo^Tb^i 

Sums 

Means 

Sj—tOGj-d-jQ 

^i“To d io 

S-ICX^d*, 
^ 2 “ ^2“ To ^10 

Sq -IOC^ d lc 
!VI 3 =:C 3 ’" To c, io 


S 1Q ^^ 10 d 1 O 
^icr^itTTo^io 

10 (d r d 10 ) 

d i "d 10 
to ( d i ~ d io) 


Fia. 21. 


— — ^ 10 ) e&ch of these equations, and further 

that the three terms on the right-hand side of the 
equations can all be read directly from the square, 
Fig. 21. 

Returning now to the square of Fig. 20; giving 
the results of actual observations, the above equations 
can be applied. Thus from (1) 

d x — * d X9 = + 3 * 82 /x, and — cZ-^q)= +0*382 /x. 

The value of d x — d 10 obtained from the square of 
Fig. 19, giving the results of the intercomparison 
of the individual decimetres, is +4*14 /x, differing 
only from the foregoing by 0*32 jll; this is reasonable 
agreement. 

Again, using equations (4), the calculated values 
can be obtained. For example : 

0/1 - 90 / 91 =^ — c 91 

- + 0*47 - 0*70 — ( +0-38) = — 0*6 1 /x, 

2/3- 94/95 =c 3 -c 95 

= +0*83 + 0*05 - ( + 0*38) = +0*50 jx. 

These are inserted in their correct squares, and the 
residuals can then he found by simple subtraction. 


error of the decimetre itself. It is found, however, 
that there is usually a small difference, a residual 
error, between the two, and that a slight adjustment 
of the centimetre errors is necessary. For example, 
the sum of the centimetre errors of the first ten 
centimetres (Fig. 20) is 4-1*01 /x, while the error of 
the first decimetre, as given by Fig - 19, is + 1 *33 
a difference of +0*32 /c, and the centimetre errors are 
adjusted by adding T \ of the error to each of them, 
i.e. 0*03 2 /x. See Fig. 20 for final results. 

As with the decimetre calibration, it now remains 
to adjust these errors for any error on the over-all 
length. As before, let ± be the over-all error of the 
metre length at a temperature T and c x , c 2 , etc., be 
the errors of the centimetres as found above. Then 
the actual errors of the centimetres at temperature 
T are c x +a;/100, c 2 +^/100, . - . etc. Further re- 
marks on this are given in section (iii.) (g.v.). 

(o) Millimetres . — The millimetres are cali- 
brated in exactly the same way as the centi- 
metres, that is, the millimetres contained in 
any one centimetre are compared with the 
millimetres in any other centimetre. In 
choosing the millimetres, due regard must 
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be of course paid to the distance between the 
microscopes. It is usual to choose the first 
and last centimetres. 

(iii.) j Final Form of Calibration . — The cali- 
bration derived by the method just described 
gives the actual length of each subdivision. 
It is, however, more convenient to convert the 
calibration into another form, which enables 
one to read directly the error on the nominal 
distance of any one of the subdividing lines 
from the zero line. Take, for example, the 
errors on the decimetre, d l9 d %9 . . . d 1(ii on 
the usual assumption that the metre length 
is correct. Let 0/1, 0/2, 0/3, etc., represent 
the distance of each decimetre subdividing 
line from the zero line, y x> etc., the 

errors of these lengths. 

Then, 


error of 0/1 = y 1 ^d 1 
,, 0/2 = y o = d x + d% 

„ 0/3= 4-^2 + 

,> 0/10 = 7/iq = cl x -I" d% 4* • 


r=o, (3) 


+ d 10 ) 


(since the error of the whole length is assumed 
zero). 

The convenience of this method of express- 
ing the calibration is that the error on the 
nominal distance between any two lines on 
the bar can be obtained by the simple sub- 
traction of two quantities taken from the 
calibration figures. Tor example, the five- 
decimetre length 2/7 as the equations 
(5) above readily show. 

Thus, the calibration of the decimetres of 
the square of fig, 19 may be expressed in 
this manner, as given in the last line of the 
square, the figures, of course, still not taking 
into account the over-all length of the metre. 

O flier subdivisions, such as the centimetres, 
can be expressed in like manner. 1 

(iv.) The Constants of a Scale , — It is evident 
from what has been said that the calibration 
of a scale is completely determined at any 
temperature T by a knowledge of : 

(a) The errors of the subdivisions, on the 
assumption that the over-all length is correct ; 

( b ) The error of the over-all length at a 
stated temperature (0° C. for the metric scales, 
and 62° F. for scales of the British system). 

(e) Tlxe coefficient of expansion of the scale. 

Of these “ constants ” (b) is sometimes 
variable, as, for example, with an invar scale, 
and it is on this account that (a) and (6) a re 
always expressed separately. It has been seen 
in an earlier section that (b) must be measured 
from time to time to determine the extent of 
the change (if any), and hence it is always 
possible,' from the rate of change, to infer the 
value of (b) at any time. 


1 Bee Guillaume, “ I/C tal lounge lies 6chcllcs 

diviseeH/' Trim et Mini, xiil. E. 


§ (12) Measurement of Short Lengths.™ 
In the introduction to the subdividing com- 
parator it was mentioned th at the instrument 
was the essential one for the measurement or 
comparison of short scales or lengths which 
could not be determined otherwise. The 
scale to be measured is placed end to end with 
a “ known ” scale, and both secured, without 
constraint, so that there is no relative move- 
ment of one with respect to the other during 
observations which are made on them. A 
calibrated yard or metre is the most con- 
venient known scale to employ, a. suitable 
interval, nominally equal to the unknown 
scale, being chosen. The two lengths are then 
compared in exactly the same way as two 
decimetre lengths are compared, and the 
difference between them thus found, and 
consequently the length of the unknown scale 
determined. 

It must be painted out, however, that if 
the two scales compared are of different 
material, that is, have different expansibilities, 
it is necessary to know with accuracy the 
common, temperature of the scales, and a 
correction applied accordingly. But if the 
two scales are of the same material and pre- 
sumably, therefore, have the same expansi- 
bility, an exact knowledge of the temperature 
is not necessary, since the difference between 
the two lengths concerned will be constant 
for all temperatures, but it is obviously 
important that they should be at the same 
temperature. w . & m j, 


Comparators foe Testings Gauges. See 
6C Gauges,” Section VI. § (SO), etc. 

Compasses, Proportional. See ** Draughting 
Devices,” p. 262. 

Compasses, Triangular. See “ Draughting 
Devices,” p. 262. 

Compensated Meter fob Steoifio Gravity 
Changes of tiie Gas. See “Meters for 
Measurement of Coal Gas and Air,” § (3) (iL). 

Computation of Results obtained by inter- 
comparison of n number of line-standards, 
method of. See “ Comparators,” §§ (l ), (4). 

Condensation, transference of heat by, in 
the atmosphere. Sec “Radiation,” § (3) 
(iv.). 

Conditioned Observations : a class of 
observations where all systems of values 
tiro not equally possible, owing to the 
existence of conditions which must he 
exactly satisfied. See a Observations, The 
Combination of,” § (£>). 

Combination of. Hex) ibid. §((>)• 

Conduction, transfer of heat by, in the 
atmosphere. See u Atmosphere, Physics 
of,” § (6), 


yon. uc 


3 
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Constants for Dry and Saturated Air. 
See “ Atmosphere, Thermodynamics o£ 
the,” § (2). 

Constants op a Scale. See “ Comparators,” 

§ (12) (iv.). 

Constraint, “geometric” and “engineer- 
ing ” methods of, as used in mechanism. 
See “ Metrology,” § (34) (iL). 

Method of locating three feet of tripod. See 
ibid. § (34) (ii.) (6). 

Use of balls and rollers in mechanism. See 
ibid. § (34) (iii.). 

Use of “ slippers ” in meehanism. See 
ibid. § (34) (ii.) (b). 

Continents and Islands, different values 
for g for. See “ Gravity Survey,” § (14). 

Continuous Flow Water Meter. See 
“ Meters for Measurement of Liquids,” § (3). 

Contraction op Alcohol and Water 
Mixtures. See “ Alcoholometry,” § (3). 

Convection, transference of heat by, in the 
atmosphere. See “ Radiation,” § (3) (iv.). 

Convection in the Atmosphere : 

Absence of, in the stratosphere. See “ Atmo- 
sphere, Thermodynamics of the,” §§ (5), 
( 10 ). 

Causes of. See “ Atmosphere, Physics of,” 

§ ( 22 ). 

Conditions for, in the atmosphere. See 
“ Atmosphere, Thermodynamics of the,” 
§§ (% (13). 

Cumulative, definition of. See ibid. § (15) 
et seq. 

Effect on lapse-rate of temperature. See 
“ Atmosphere, Physics of,” § (6). 
Erictional effect of. See “ Atmosphere, 
Thermodynamics of the,” § (17). 
Penetrative, definition of. See ibid. § (15) 
et seq. 

Relation of, to the environment. See 
ibid. §§ (13), (14). 

Relation of, to horizontal flow. See ibid. 
§ ( 16 ). 

Convective Equilibrium in the Atmosphere, 
definition of. See “ Atmosphere, Thermo- 
dynamics of the,” §§ (6), (13). 

Conversion Eactors, Imperial to Metric 
Units : 

American. See “ Metrology,” § (15) (ii.). 
Rritish. See ibid. § (15) (i.). 

Core Diameter oe Screw, definition. See 
“ Metrology,” § (23) (i.). 

Corona : a coloured ring or series of rings 
surrounding the sun or moon. See 
“Meteorological Optics,” § (15) (i.). 

Correction Tables por Volumetric Glass- 
ware. The observed weight in gms. in 
air of a quantity of water is numerically 
not very different from its volume in cubic 
centimetres. Hence simple tables of correc- 
tions may be prepared which serve to con- 
vert observed weights in air into volumes. 
See “ Volume, Measurements of,” § (7). 


Correlation Coefficient as applied to 
Sunspots and Mean Temperature. See 
“Radiation,” § (1). 

Cotidal Chart : a chart by means of which, 
in certain regions, the travel of the tidal 
wave along the coast may be studied. See 
“ Tides and Tide-prediction,” § (7). 

Cotidal Line. A line drawn through all the 
points on the surface of the sea at which the 
high water following full or change of moon 
occurs at the same hour of Greenwich 
time. See “Tides and’ Tide-prediction,” 

§( 7 ). 

Counter Machines. See article “ Weighing 
Machines,” § (3). 

“ Creep ” of Aneroid Barometer, Error 
due to : located in the vacuum-box and 
mathematically expressed by Hersey. See 
“Barometers and Manometers,” § (13) (v.). 

Crest of Screw Thread, definition. See 
“ Metrology,” § (23) (i.). 

Crystals, Ice, in the Atmosphere : 

Degrees of freedom of. See “ Meteorological 
Optics,” § (19). 

Forms of. See ibid. § (18). 

Phenomena due to. See ibid. §§ (17), (20), 
(21), (22), 

Cubic Centimetre: the C.G.S. unit of 
volume. Por the relation between the cubic 
centimetre and the litre, see “ Volume, 
Measurements of,” § (2). 

Cubic and other Equations. Graphical 
methods of solution. See “ Nomography, n 
§ (12). 

Cycle Engineers’ Standard Thread (C.E.L), 
See “ Gauges,” § (52). 

Cycle of Operations for Atmospheric Air. 
See “ Atmosphere, Thermodynamics of 
the,” § (24) and Fig. 17, 

Efficiency of. See ibid . § (25). 

Work done in. See ibid. § (26). 

Cyclone. A cyclone or depression is a, region 
in which the atmospheric pressure is lower 
than in the surrounding regions. In the 
northern hemisphere the winds blow round 
the depression in a counter-clockwise direc- 
tion. At the approach of a depression the 
sky becomes overcast at first with fairly 
high cloud, which becomes lower and 
finally brings rain. The rain is very heavy 
in the north-east quadrant, but steady 
rain is usual in the south-east quadrant. 
The western portion of the depression is 
usually a region of detached cloud, with 
frequent showers. The passage of the 
trough line, or line drawn through the 
centre at right angles to the direction of 
motion, marks the lowest pressure attained 
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at any particular point. Its passage is 
accompanied by heavy squalls of rain, 
and a rapid change of wind from S.W. to 
W. or N.W. The temperature is usually 
fairly high in the front of the depression, 
hut with the passage of the trough line 
there is a rapid drop in temperature due 
to the arrival of a current of air from 
more northerly directions. 

Accumulation of air in. See “ Atmosphere, 
Thermodynamics of the,” §§ (15), (16). 

Characteristics of. See “ Atmosphere, 
Physics of,” §§ (18), (20). 

Distribution of pressure, temperature, and 
density, and height of the tropopause in. 
Seo “ Atmosphere, Thermodynamics of 
the,” § (5), Table III. 

Distribution of realised entropy in. See 
ibid. § ((>), Fig. 10. 

Kinetic energy of. Seo ibid. §§ O), (26). 

Persistence of. See “Atmosphere, Physios 
of,” § (15). 


Pate of filling up of. See “Atmosphere, 
Thermodynamics of the,” § (16). 

Theories of. See ,c Atmosphere, Physics 
of,” §§(15), (21). 

Vertical extension of. See “Atmosphere, 
Thermo dynamics of the, § (7). 

Wind - velocity in. See' “Atmosphere, 
Physics of,” § (9). 

Cyclostrotkic Wind. If in equations (1) and 
(2) of § (9), article ce Atmosphere, Physics 
of the,” the deviating force due to the 
earth’s rotation is neglected, the gradient of 
pressure is balanced entirely by the centri- 
fugal force. The wind velocity necessary 
to maintain this balance is called the cyclo- 
strophic wind. In very low latitudes the 
deviating force due to the earth’s rotation 
is negligible on account of the smallness 
of the factor sin <f>, and the cyclostrophic 
wind is then the best approximation to the 
gradient wind. 

Cymograph. See “ Draughting Devices,” p. 
2G3. 


D 

Daotyle Calculators. Seo “Calculating 
Machines,” § (6). 

Dalton’s Law or Vapour Pressure. See 
“ Humidity,” I. 

Daniell’s Dew-point Hygrometer. See 
“ Humidity,” II. (1). 

Darw, in-Hill Mirror. An instrument for 
measuring the direction of motion and 
velocity of aircraft, clouds, shell-bursts, etc. 

See “Meteorological Instruments,” § (35). 

Day, Division oil See “ Clocks and Time- 
keeping,” § (14). 

Day, Sidereal, as standard of time. Seo 
“ Clocks and Time-keeping,” § (1). 

Density. The density of any substance is 
the mass of unit vol ume, and is measured 
in grammes per cubic centimetre, or in 
pounds per cubic foot. The term specific 
gravity is occasionally used to denote the 
density of a substance relative to that of 
water. 

1 g./o.o. = 62-43 lb. /o. ft. 

1 lb./e. ft. = -01.002 g./c.c. 

(i.) Density of Water. — "Water lias its 
maximum density at 3-98° C. when pressure 
is 760 mm., at other pressures the tempera- 
tures of maximum density is given by the 
formula t = 3-98 - •0225( ? j - I), where p is 
measured in atm ospheros. 1 

The density of pure water under one 
atmosphere for different tom peratures is as 
follows : 

. Laby. Physical and Chemical Constants, 

1918, l>. 22. ’ 


Torriperivturo a, 

2C8 . 
273 . 
277 . 
293 . 
323 . 
373 . 


Donat t.y c.c. 

■09930 

•09987 

1-0000 

•09823 

•9881 

•9584 


(ii. ) Density of mercury at the normal 
freezing-point of water— 13-59545 g./c.o. 

(iii.) Density of Dry Air . — The density of 
dry air varies with pressure and. tempera- 
ture according to the formula 


fi=Po 


JL 

To 


To 

T ' 


For dry air free from CO, Begnault 
obtained the value p 0 = 1292-78 g./rn. 8 for 
p 0 =760 min., T 0 - -273, which gives 

/>= 348 -321 


where p is measured in millibars. The 
addition of 0-04 per cent- CO a increases the 
value of p {) by 0-021 per cent, and the 
formula becomes 

p~ 348*394 

i.e. p~ 1201 g. /m. 3 approximately at 1000 
mb. and 290 a, or approximately -0808 lb. 
per cubic foot at 30 inches and *32° Fahr. 

(iv. ) Density of Damp Tt ir , — The density 
of damp air may bo obtained from the 
density of dry air by means of tlio 
formula 

0 378.) 

p IBS' 


P 
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where p n is the density of dry air, 
p is the total pressure, 
e is the vapour pressure. 

Hence p = 348 -39 4^ ~ 

See Vol. I., “ Measurement, Units of.” 

Of dry air. See “ Atmosphere, Thermo- 
dynamics of the,” § (2). 

Of water-vapour, distribution of, in the 
upper air. See ibid. § (5). 

Measurement of, in the upper air by Dobson’s 
barothermograph. See “ Meteorological 
Instruments,” § (38). 

Numerical value of. See “ Atmosphere, 
Thermodynamics of the,” § (2), Table I. 
Density of the Atmosphere : 

Distribution of, in cyclones and anticyclones. 
See “ Atmosphere, Thermodynamics of 
the,” § (5), Table III. 

Gradient of, in the upper air. See ibid. 
8 ( 8 ). 

Relative effect of pressure and temperature 
on. See ibid. § (8). 

Variation with height. See “ Atmosphere, 
Physics of,” § (7). 

Density oe a Gas, Determination of. See 
“ Balances,” § (18). 

Density of a Liquid, Determination of. 
See “ Balances,” § (15). 

Density of a Solid, Determination of. 
See “ Balances,” § (16). 

Density of a Substance : a term used to 
denote the mass per unit volume of the 
substance. See “Balances,” § (14). 

Density of a Vapour, Determination of. 
See “ Balances,” § (19). 

Density Determinations : corrections for 
the temperature of the water in which the 
weighing is made, tabulated. See “ Bal- 
ances,” § (16) (i.), Table I. 

Density Hydrometer. See “ Hydro- 
meters,” §§ (4) and (7). 

Depression. See “ Atmosphere, Physics of,” 
§§ (18), (20). See also “ Cyclone.” 
Depression Range-finder, Range-finding 
by. See “Trigonometrical Heights,” § (8). 
Descartes. Theory of the rainbow. See 
“ Meteorological Optics,” § (14). 

Dew-point : 

Definition of. See “ Humidity,” II. 
Determination of. See ibid. II. § (1). 
Distribution of, over the northern hemi- 
sphere. See “Atmosphere, Thermo- 
dynamics of the,” Fig. 5. 

Dew-point Hygrometers : 

Crova’s. See “ Humidity,” II. § (2). 
Daniell’s. See ibid. II. § (1) et seq. 
Regnault’s. See ibid. 

Effect of wind on. See ibid. H. § (2). 
Theory of. See ibid. II. § (3). 


Diagrams : forms of screw thread for use with 
projection apparatus. See “ Gauges,” § (69) 
(v.). 

Dial Surface Gauge. See “ Gauges,” § (91). 
Diaphragm Meter. See “ Meters . for 
Measurement of Coal Gas and Air,” § (4). 
Diffraction of Light in the Atmosphere : 
colours of the sky due to. See “ Meteoro- 
logical Optics,” § (12). 

Diffraction Phenomena in the Atmosphere 
(coronas, iridescent clouds, glories, etc.). See 
“ Meteorological Optics,” § (15). 

Diffusion. Theory of wet-bulb thermometer. 

See “ Humidity,” II. § (5) (i.). 

Diffusion of Heat by Eddy-motion. See 
“ Atmosphere, Physics of,” § (13). 

Bine’s Pressure-tube Anemometer. • See 
“ Meteorological Instruments,” § (20) (ii.). 
Discharge Coefficient : dependence on 
diameter of orifice and head producing 
discharge. See “ Meters for Measurement 
of Coal Gas and Air,” § (4) (ii.). 

Displacement Distance Measurers. See 
“ Meters for Measurement of Liquids,” § (1). 
Displacement Methods of determining 
Volumes. See “ Volume, Measurements 
of,” § (8). 

Distance Measurers. See “ Draughting 
Devices,” p. 263. 

Dividing Engine for ruling Line Stand- 
ards and Fine Scales : general description 
and method of use. See “ Line Standards,” 

§ ( 2 ). 

Double-tank Comparator : description and 
outline of method of using for determination 
of absolute coefficient of expansion. See 
“ Comparators,” § (3). 

DRAUGHTING DEVICES 
Centrolinead 

This is used for ruling radial lines in perspec- 
tive drawing to obviate the use of long straight 
edges, etc. By its use the centre of radiation, 
or vanishing point as it is known in perspec- 
tive drawing, may be any distance outside the 
drawing, hut the instrument when at work 
requires no more space than is required for the 
drawing. 

The instrument was invented by Peter 
Nicholson, and consists of a long straight edge 
to which are fitted two short arms at one 
end. The arms are fixed by milled set screws 
in quadrant slots cut in a metal plate attached 
to the end of the straight edge, and are 
arranged to clamp at any angle to each other 
and to the straight edge. The axis or centre 
of rotation of the quadrant is in line with the 
ruling edge of the straight edge. 

The centrolinead is guided in. its radial 
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movement by two pins or studs, set in a 
position according to the distance of the 



vanishing point from the drawing. The 
method of use is as follows : 

The horizontal or normal line for the per- 
spective drawing is ruled, and perpendicular to 
it, at the extreme edge of the hoard, another 
line is drawn at either the left or right hand 
edge according to the assumed direction of the 
vanishing point. On the perpendicular, and 
equidistant on each side of the normal line, 
the studs or pins are fixed a suitable distance 
apart. The centrolinead is now set with 
the straight edge along the horizontal line 
and the short arms adjusted to 


ever, instead, of being straight, are arranged 
concentrically on dials at the front and hack 
of the instrument, and are protected by glass 
discs mounted in a metal frame. The design 
of the instrument follows closely that of a 
watch, the size being approximately the same. 

The BoucJier Calculator {Fig. 2) has a 
movable dial at the front, rotatable by the 
milled stem at the top, and a fixed dial at the 
back. 

The fine needle pointers, which are set in 
line back andl front, are rotated by the milled 
head at the side. A fixed pointer is attached 
to the case, and extends over the four scales 
on the dials. 

Reading from the centre the scales on the 
front dial are as follows : 

The first and second concentric scales repre- 
sent square roots of the numbers on the third 
scale. The third scale is the ordinary log- 
arithmic scale. The fourth, or outer scale, is 
the sine scale, and is marked with angles of 
which the natural sines can be read off on the 
third scale. 

The scales on the back, reading from the 


touch the pins, and locked. The 
angle between the arms to suit 
the assumed distance of the vanish- 
ing point is found by trial, i.e. by 
moving the straight edge about, at 
the same time keeping the arms in 
contact with, and sliding against, 
the pins, and judging whether 'the 
angle of the lines drawn by the 
straight edge suit the perspective to 
be drawn. Should the vanishing 
point appear to be too near, the 
angle between the short arms should 
bo increased or vice, varan. 

The figure shows the instrument 
in use when the vanishing point is 



J'ront. Back. 

Fig. 2. 


to the left-hand of the drawing. When in use 
for a right-hand vanishing point the arms and 
the straight edge are disconnected, and the 
quadrant re-fixed with the reverse side up- 
wards. It is preferable, however, to have two 
instruments set as required. 

To adjust the instrument quickly and 
accurately is really a matter of experience. 

The angle for the setting of the arms may be 
found by calculation if the position of the 
vanishing point is definitely known and the. 
distance between the studs settled. 

A simple form of centrolinead can be made 
by forming the straight edge and tho arms 
in one piece, the adjustment in. this case 
being obtained by the position of the guide 
pins. 

Circular Calculators 

In principle these instruments arc similar to 
that of the flat slide rule. The scales, how- 


centre, are first, second, and third cube roots 
of numbers given on the third scale on the 
front dial, and are located by means of the 
rotating pointers. The outer ring is evenly 
divided and gives logarithms. 

The working of the calculator is similar in 
principle to tho ordinary slide rule. It will he 
seen, however, that only one logarithmic scale 
is provid ed which does not move relatively to 
a fixed scale as in the case of the slide rule. 
The addition and subtraction of scales in this 
case is performed by fixing an arc length by 
tho pointers, which represents the distance 
equivalent to a fixed scale, and adding or 
subtracting from this by the movable scale. 
For example, to multiply 2x4, the 2 on the 
ordinary log scale is set against the fixed 
pointer, and the movable pointer set to the 

1 of the scale, thus giving an are length of 

2 between tho pointers. To complete the 
calculation we simply add a length 1 -4 to 
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this, thus move the dial backwards until 4 is 
under the movable pointer, and read 8 the 
result under the fixed pointer. Division is 
accomplished by subtracting in a similar way. 

The back dial in the figure has a scale and 
pointer at the centre. .This is an addition 
which is arranged on the Stanley Boucher 
calculator for finding the position of the 
decimal point, by automatically indicating 
the number of digits to be added or deducted 
from the result. 

Another type of circular calculator is the 
Halden Calculex. This type is provided with, 
fixed and movable logarithmic scales similar 
to the flat slide rule. These scales are arranged 
concentrically on the dial, and are similar. 
The outer scale is fixed, and the inner one can 
be rotated by central milled buttons at the 
back and front of the instrument. The pro- 
tecting glasses on each side rotate in the 
outer frame, and are marked with hair lines 
on their inner surface, thus serving the pur- 
pose of a cursor. 

Clikoobaph 

The clinograph is more or less an adjustable 
set-square, as shown in Fig. 3, with one of the 



sides made movable by means of a stiff hinge 
placed at the apex. The movable side can be 
adjusted to any desired angle. 

Compasses, Proportional 

Proportional compasses are used for dividing, 
reducing, or enlarging in any given proportion. 
The instrument is made in brass or electrum, 
and consists of two flat pieces of metal with a 
short point at each end as shown, each 
identical in shape, and cut away at the centre 
to form a dove-tailed slot. Pitted to the dove- 
tails and sliding throughout their length is a 
split die provided with clamping screw which 
forms the axis of the instrument and locks the 
legs in position. The legs are kept in register 
when closed by a small projection on one leg 
which fits into a corresponding slot in the other 
leg while the adjustment of the axis is made. 
For setting the instrument suitable scales are 
marked, along the edges of the slots, and an 
index line is provided on the sliding die. The 
scales, usually four, are marked Lines, Circles, 
Plans, and Solids. 

The scale of lines is used for enlarging or 


reducing drawings and the figures on the scale 
represent the proportions. Thus if the index 



Pig-. 4. 


is set to division 4 the proportion of the long 
points to the short points will be as 4 is to 1. 

The scale of circles is used for dividing the 
circumference of a circle into equal parts up 
to 20. If the index is set to 12 the short points 
will divide the circumference of a circle of the 
radius given by the long points into 12 equal 
parts. 

The scale of plans is used to reduce or 
enlarge the area of a plan. For example, 
if the slide is set to the division 3 the area of 
a circle struck by the long points will be three 
times the area of one struck by the shorter 
points. 

The scale of solids is used in cases where 
enlargement and reduction on drawings^ is 
required to be in proportion to the cubical 
contents of the articles drawn. For example, 
to make a drawing of a tank to give a cubical 
capacity of six times that of one already 
drawn the slide would be set to 6 and dimen- 
sions taken from the existing drawing with the 
short points would be set off on the larger 
drawing with the long points. 

Compasses, Triangular 

A simple three-legged compass mad© in the 
form of a pair of dividers with an extra log 



hinged on the centre pin of the head joint. 
The extra leg moves in any direction horizon- 
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tally or vertically. The leg also has a clamping 
screw Tby which its length can be adjusted. 
This instrument is used for copying plans 
and drawings and is useful for testing the 
accuracy of copies of plans, etc. 

Cymograph 

An instrument for copying the profiles of 
mouldings or carvings, and sometimes used 
for copying portions of drawings full size. 

The instrument is attached to a small draw- 
ing board by adjustable clamps (see Fig. 0). 



By an arrangement of two pivoted parallelo- 
grams, a platform, carrying the copying 
stylus and marking pencil, is controlled to 
give a parallel motion over the whole surface 
of the board. 

The stylus, pencil, and parallelogram pivots 
are in lino on the platform. 

To enable undercuts or intricate profiles 
to he produced the stylus arm is made in. the 
form of a bow, and is held in any desired 
position by a pawl engaging a ratchet wheel. 
The rotation takes place about the axis of the 
stylus ball. 


handle in a vertical position is run over the 
map along the distance it is required to 
measure. This distance may then be found 
by running the wheel the reverse way along 
a suitable scale until, the collar is back against 
the stop, and the pointer at zero. The 
distance travelled along the scale represents 
the distance on the map. The instrument is 
sometimes calibrated by means of a scale 
along the screw, and a divided wheel, so that 
the use of a scale is unnecessary. 

(ii.) The Rotameter (Fig. 8). — This instrument 
is used for the same pur- 
pose as the opisometer 
described above, but it is 
more compact in form, and. 
gives a direct reading on a 
dial. As will be seen in the 
figure, it consists of a small 
tracing wheel which, by 
means of clockwork or suit- 
able gearing, moves the 
pointer on the dial, thus 
registering the distance 
travelled by the wheel over Fig. 8. 

the map. It is made to* 
read inches and ^ths up to 40 inches, or by 
means of two bands, inches and Jths up to 
2 r> feet. 



Draughting Machines 

The Parallel-arm JMacMne . — This apparatus 
is designed to dispense with tlio use of the tee- 
square, set squares, scale and protractor, and 
is clamped to th© drawing board, either at the 
left-hand top corner or, in some designs, in the 
middle. There are several types of this appar- 
atus, all more or less following the same prin- 


Dista nog Measurbrs 
(i.) The Opisometer (Fig. 7). — A small instru- 
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ment for measuring distance on maps, and 
is constructed as follows : 

A small wheel with a milled edge is mounted 
on a screwed spindle, and the latter is carried 
by a fork in which it is free to slide, but nob 
to rotate, the wheel being guided between 
th© arms of the fork as shown. On each end 
of the screwed spindle are collars which act 
as stops. From one of the arms a pointer 
is fixed, and a line on the face of th© wheel 
forms a zero mark. 

The action is as follows : The milled wheel 
is rotated until one of the stops is brought 
against the fork, and the pointer against the 
zero mark on the wheel. The wheel with the 



F'ig. 9, and its principle of construction is as 
follows : By means of two pivoted parallelo- 
grams a hinged arm is formed, one end of which 
is connected by a clamp to the top of the 
drawing board : the other end carries a com- 
bined type of square and protractor which is 
free to move throughout the surface of the 
board, the ruling edges of the square at the 
same time maintaining a parallel motion. 
The parallel motion is obtained by forming a 
erosshead at the elbow of the arm which 
rigidly connects the inn er or centre short sides 
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of the parallelogram at right angles to each 
other as shown in the figure. 

The square is made up of two graduated 
scales set at 90°, which are detachable and fit 
into a stock which is pivoted and forms a 
protractor graduated in degrees. By this 
means the angular position of the square is 
controlled and it can be clamped in any posi- 
tion. It has a range of 90° clockwise and 
45° in an anticlockwise direction. In some 
machines the protractor has a range of the 
complete circle. Bor rapidly setting standard 
angles such as 30°, 45°, 60°, and 90° an auto- 
matic spring lock is provided. The protractor 
is sometimes fitted with a vernier reading to 
minutes. 

The standard set of graduated scales, which 
are interchangeable in the stock, consist of two 
long and two short scales covering 3, 1J, 1|, 
h I, i and i- inches to the foot, and a 24-inch 
straight edge for inking purposes. 

A horizontal hinge is provided at the 
clamped end so that the apparatus can be 
lifted clear of the hoard. 

Draughtsman’s Curves 

Trench or irregular curves are made in 
thin pear-wood, vulcanite, or celluloid, and 
are used for ornamental designs, rounding 



Fig. lo. 


angles, graph curves, oblique projections, etc. 
There are numerous shapes ; some of typical 
shape are shown in Fig. 10. 


Architectural curves are similar to the above, 
but the profile is more irregular, and arranged 
to suit mouldings, arches, and the small-scale 
curves usual in architectural drawings. Typical 
examples are shown in Fig. 11. Radius or 



corner curves are made of thin plate, and 
provide a rapid means of rounding off small 
corners on drawings. The curves are made to 
standard radii, and merge into a straight line, 
so that a smooth finish to the drawn curves 
can be made. Similar curves for standard 
radii of larger dimensions are also made. 

(i.) Mathematical Curves (Fig. 12). — A useful 
set of curves of this class have been calculated 



Cycloid Ellipse 

Fig. 12. 


and designed by Mr. J. W. Brookes, and are 
made in transparent celluloid. The set of five 
consist of the following : 

Parabola. Axis, focus, and latus rectum 
marked ; equation y = a: 2 , unit 1 inch. 

Hyperbola (rectangular). Axis marked ; 
equation xy — I inch. 

Cubic curve. Equation y = x s . 

Ellipse. Axes and foci marked. Major axis 
S", minor axis 2". 

Cycloid. Roulette of circle 2" diameter ; 
central ordinate marked. 

(ii.) Flexible Curves . — Several forms of this 
type of curve have been designed by Mr. J. W. 
Brookes. The simple type shown in Fig. 13 



Fig. 13. 

C + ° « Si v tS , of a thin steel stri P controlled by a 
stiff link work attached to a number .of small 
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rings fixed to one side of the strip as shown. 
This type is also made in a form in which the 
curvature of the strip is controlled hy the 
fingers instead of the links. Attached to one 
face of the strip are a number of eyelets into 



which the tips of the fingers can be placed to 
hold the curve to the desired shape (see 
Fig. 14). 

(iii.) Copying Czirve {Fig. 15). — A curve of 
this type, also designed by Mr. Brookes, has a 



steel strip, similar to the above designs, con- 
trolled by several equally spaced rods sliding 
in suitable guides fixed to a straight rod. 

(iv. ) Bow Curve (Fig. 16). — This curve, 
designed by Mr. W. F. Stanley, consists of a 


(vi. ) Ship mid Yacht Curves (Figs. 18 and 
19). — These are made in special shapes for 
forming curves peculiar to ships and yachts. 
They are carefully designed, and in most cases 


Ship Curves. 
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length of wood of rectangular section, fitted 
with a set-screw at the centre, and two sliding 
links, one at each end. A small spline of lance- 
wood is threaded through the links as shown 
in Fig, 16, and is bent to the required curva- 
ture by means of the set-screw. Splines of 
various lengths and sections may be used 
according to the curvature required. 

(v.) Railway Curves [Fig. 17) or curves 
of standard radii are made of strips of pear- 

__ wood, sycamore, card- 

3 board, or celluloid, about 
l\" wide. They are made 
in sets, the full set of 100 
1 iTg. 17. curves covering radii from 

1 to 250 inches, the length 
of the largest radius being about 18 inches. 
The outer and inner edges are made to the 
same radius. 

Some types are made with a short straight 
portion at one end, and the tangent point 
indicated by a line. 


C 


34 




Yacht Ourves- 



Fxas. 18 and 19. 


the contour is a mathematically generated 
form of the ellipse, hyperbola, or parabola. 
The set usually consists of about forty curves, 
but as many as eighty different kinds are 
made. 
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Curve Radiator (Fig. 20). — A simple 
device for finding the centre or radii of curves. 



such as railway curves, etc. It is made of 
vulcanite plate, and is used by setting the edges 
A and B to the curve and drawing a line 
along the edge C. The line thus drawn is 
radial to the curve. The intersection of two 
or more radial lines gives the centre of the 
curve. The device may he used on either side 
of the curve. 

Drawing Scares 

One of the most essential features in a draw- 
ing scale is accuracy. The material from which 
a scale is made is therefore important, and it 
should he carefully selected, bearing in mind 
the effects due to atmospheric changes, tem- 
perature, etc. The latter may be neglected 
except in very special cases, but ordinarily 
the physical qualities of the material and 
atmospheric effects must he taken into account 
if reliability is to be obtained. 

The materials usually employed are steel, 
ivory, boxwood, vulcanite, and cardboard. 
Steel scales can be relied upon to retain their 
accuracy, but for drawing purposes they are 
not considered desirable owing to the reflecting 
surface, and hence the difficulty in reading 
the divisions ; the weight is also objection- 
able. Ivory is excellent as regards wearing 
qualities, definition of marking, and cleanliness, 
hut unfortunately it gradually contracts and 
continues to do so for a long period. It is also 
very expensive. Boxwood is more generally 
used, and if carefully selected and well 
seasoned is quite satisfactory for ordinary 
drawing purposes. Boxwood, however, is 
rather soft and fine markings are difficult 
to maintain. To overcome this difficulty 
boxwood scales are now often provided with 
white opaque celluloid edges attached by 
means of a tongue and groove, or moulded 
and glued on to the woodwork. Vulcanite 
is seldom used as it is particularly susceptible 
to atmospheric influences, but for use where 
accuracy is not important a vulcanite scale 
with white divisions tends to diminish eye- 
strain when working by artificial light. ' Card- 
board scales, when specially treated and 
varnished, are satisfactory for ordinary rough 
drafting, and, being flexible, the laying off 
of dimensions with rapidity is facilitated. 
They are, however, difficult to keep clean 
and wear out quickty. Scales are made in 
several sectional forms ; the more or less 
standard sections are shown in Fig . 21. 


A thin edge is desirable if the dimensions 
are to . be laid off with ease and without 
inaccuracies caused by parallax effects. The 
flat scale possesses advantages in this direction 
as it lies perfectly flat on the drawing. The 
oval type is usually held in a tipped position 



Oval 



Single Bevel 




Opposite Bevel 



when in use and consequently is easily lifted 
from the drawing. This section is also more 
adapted for marking on both sides. 

The triangular scale is not so much in general 
use on account of its clumsiness. It is also 
expensive to manufacture, but it possesses 
three thin edges which lie flat on the drawing, 
and as each edge is marked on both sides six 
independent scales can be arranged. This 
type of scale is also made in “ electrum ” or 
steel and is formed by three thin pointed 
blades set radially at 120° to each other. 

In cases where one scale only is required 
on each rule, thus avoiding mistakes often 
made through choosing the wrong scale when 
several are marked on one rule, the tc single 
bevel ” type is used. As an alternative to 
reduce the number of scales required by half, 
the ce opposite bevel ” type may be used. This 
type has the advantage, as in the case of the 
oval type, that when lying flat on the drawing 
it can easily be picked up. 

The dividing or marking of a scale is now 
almost entirely done by means of a dividing 
engine, and this method is essential if uniform 
accuracy is to be maintained throughout the 
length, although in the earlier days marking 
was generally hand work. There are a 
considerable number of different forms of 
marking, and each is individual to the class 
of work for which the scale is required. The 
engineer, architect, surveyor each have their 
particular forms of marking. The engineer’s 
scale is usually made 12", IS", or 24" long, and 
subdivided duodecimally, decimally, or into 
eighths and sixteenths of an inch. 
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The style of dividing preferred is a matter 
of choice. Some prefer the open divided type 
with subdivisions at the ends only, and others 
the fully divided type with subdivisions 
marked throughout the length of the scale. 
The figuring also varies. Some scales are 
figured from one end only, either from left 
to right or vice versa : others are figured 
in both directions, so that the figures can be 
easily read independently of the way in which 
the scale is placed on the drawing. Again, 
some are figured from the centre to each end, 
and are known as the cc bisecting hack ” type. 

Engineers as a rale prefer both edges on 
each face of the scale divided alike, so that if 
when in use the scale is accidentally turned 
round mistakes do not occur. With this 
system, of course, several scales are necessary 
to cover the range of proportions, but this is 
preferable to crowding on one scale a large 
variety of divisions which have always to be 
carefully examined to make sure that 
the right set is being used. 

Mechanical engineers often prefer 
for general work a simple fully divided 
scale marked into inches and six- 
teenths throughout the length of both 
edges on one 
side, and on 
the other side 
similarly 
divided into 
inches and 
twentieths. 

The neces- 
sary reduc- 
tion or enlarging in the case of scale 
drawing is then done mentally. It is 
convenient, however, to have each end 
for, say, two inches again subdivided, i.e. 
one side into thirty-seconds and the other 
into fiftieths. A scale of this type is shown 
in Fig . 22. For ordinary small and medium- 
sized mechanical drawings when the inch is 
the unit, the scale described above will 
conveniently cover drawings of the following 
proportions: 2/1, 1/2, 1/4, 1/8. In large 
size mechanical and architectural drawings 
when the unit is the foot, it is, of course, 
more or less necessary to have a scale for 
each of the proportions, i.e . 6", 3", IV and §" 
to the foot. The subdivisions in this case 
are in twelfths. Standard scales for engineers 
and architects can be obtained in proportions 
as follows: \ 9 T V, i, b h & b and 1 
inch to the foot ; also 1|- and 3 inches to 
the foot. 

A special scale (see Fig. 23) known as the 
44 Armstrong, 5 ’ for use in technical schools 
and colleges, is made oval in section. The 
four edges contain 4 4 eight scales,” viz. 
h b and 1 inch to the foot, g, f, li, and 
3 inches to the foot, and the scales are 


open divided and subdivided at each end as 
shown. 

Some scales intended to he more or less of 
a universal character have the whole available 
space on both sides occupied with scales, 
and in some cases nearly twenty different 
scales are provided. They are obviously 
inconvenient for general work as some of the 
scales do not lie along an edge and stepping 
off dimensions with dividers is therefore 
necessary. The close arrangement adopted is 
confusing, and liability of error is increased 
by choosing the wrong scale. Scales of this 
type are still made for builders and architects. 

(i. ) Chain Scales . — These, which are used by 
civil engineers and surveyors, are usually made 
in the flat section, and are fully divided, the 
bevelled edges only being marked. One bevel 
is usually divided into chains and the other 
into feet. Sixty-six divisions on the feet edge 
are made equal to 100 divisions on the chain 
edge. Thus conversions can easily he 
made. * 

Six chain scales constitute a sot for 
general work, each having an identi- 
fication number according to the 
divisions per inch 5 thus a 40 scale 

will have 40 
divisions per 
inch. The 
numbers of a 
set are 10, 20, 
30, 40, 50, and 
60, although, 
of course,, 
scales up to 
100 axe used for topographical surveys. Offset 
scales used with the chain scale for plotting 
are made from 2" to 6" long according to the 
length of the chain scale. The offset is marked 
similarly to the scale with which it is used, 
and the ends are accurately square with the 
bevelled edges. For a typical example of 
scale and offset see Fig . 24. 

(ii.) Diagonal Scales , although often marked 
on the hack of a type of rectangular protractor 
supplied in cases of drawing instruments, are 
seldom used for general work. 

B A 1 


l" 0 2 4 6 8 

Fig. 25. 

Fig. 25 shows the form of the marking on 
a full - size diagonal scale with which it is 
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possible to obtain dimensions with dividers 
varying by -01 inch, provided, of course, that 



the marking is sufficiently fine and accurate. 
The scale is divided vertically into 10 equal 
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spaces by lines drawn horizontally. Crossing 
these lines perpendicularly the unit divisions 
(in this case 1") are set out. The top and 
bottom lines of the end division are also 
divided horizontally into 10 equal parts by 
sloping parallel lines, the slope being 1/10 
in the full width of the scale. Thus the first 
division on the top is connected by an oblique 
line to the 0 division on the bottom line, 
the second division on to the top line to the* 
first division on the bottom line, and so on. 

The principle of the scale is as follows : 

Consider the triangle OAB. The distance 
OC is 1/10 OB. As OA and OB are straight 
lines the distance CD must equal 1/10 of 33 A, 
but BA is -OB'. Therefore CD = -001"- The 
tenths on the scale ax % o read off by figures 
on the bottom horizontal line and hundredths 
by the figures on the vertical line at the end. 
For example, it will be seen that the dimension 
FG = 1*04 inch and the dimension HJ = 1/4(5. 

(iii.) The Compass Scale (Fig. 26) is a small 
open divided scale usually 2" or 3" long, in 
brass, electram, or ivory, made for tho purpose 
of setting dividers, compasses, or spring bows, 
and thus save the drawing scale from the injury 
of the compass points. It is sometimes at- 
tached to the tee - square, but it is more 
convenient to have it sunk into the drawing 
scale and marked with corresponding divisions 
(see Fig. 27). 

Dbawixo Tableis 

(i. ) Adjustable Tables . — These are made to 
a variety of designs. The general principle, 
however, is more or less similar and provides 
a means by which the drawing-board can 


be fixed at any desired angle from horizontal 
to vertical by an arrangement of the clamps, 
quadrants, and levers. Trays and 
ledges are suitably arranged for 
the accommodation of pencils, 
instruments, etc. The tee-square 
or sliding straight edge is designed 
to move freely and yet retain its 
position when at rest without slip- 
ping. W'here the straight edge is 
used pulleys and cords are ar- 
ranged to control the parallel 
movemeixt, but in the case of 
the tee - square some simple quick - acting 
clamp is provided 

(ii) The Stanley Drawing -table 
(Figs. 28a , 28b), — T his consists of a 
balanced drawing-board which may 
be inclined at any angle between 
the horizontal and vertical, and 
is clamped rigidly in position. 
Height adjustment is also provided 
so that the operator may either work 
in a sitting or standing position. 

The tee-square may be clamped 
instantly in any position and is always held 
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close to the surface of the paper. A ledge on 
the blade acts as a rest for instruments, pencils, 
etc., -when the board is set to a steep incline. 
The hoard is readily detachable and ean be 
replaced by another when required. 

(iii. ) Perspective, Drawing-board {Fig* 
29). — This board, which is fitted -with an 



adjustable stand, is, as its name implies, 
specially designed for perspective drawing. 
It is more or less of the standard pattern, 
fitted with, a tee-square, running in a groove, 
and provided with a clamp. On both the 
extreme right and left hand edges of the 
board are grooves into which adjustable studs 
are fitted for use with two centrolineads. The 
centrolineads are designed to suit the board, 
and are each fitted with a hinged ruling arm 
so that either rule, when not in use, can be 
moved clear of the board. 

Eor a detailed description of the centrolinead 
and its method of use, see above under heading 
“ Centrolinead.” 

(iv.) Tracing Frame {Fig. 30). — Used for 
copying drawings when the copy is required 



on thick paper and with minimum injury to 
the drawing to be copied. It consists of a 
simple framework carrying a sheet of plate 
glass which is hinged to a sub-frame at base, 
and by means of movable struts the inclina- 
tion of the glass can be adjusted to suit the 
direction of the light. 

The drawing to be copied, with the plain 
paper above, is pinned to the frame over the 


glass, and the frame adjusted to receive a 
maximum amount of light through the glass 
and paper. By the aid of a good light the 
tracing can be very accurately don©. A re- 
flector is sometimes used if the paper is thick 
and a more concentrated light is required on 
the glass. 

Ecoextromkeab 

A simple instrument for drawing eccentro- 
radial lines from a given centre : for example, 
the taper arms of a wheel or the teeth of milling 
cutters and other uses in mechanical drawing. 
In its simplest form it consists of a small ivory 
rule about 5" long, to which is pivoted a small 
arm carrying a needle-point. The pivot is 
provided with a locking screw. The needle- 
point swings radially about the end of the rule 
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and can be fixed at any desired angle to the 
right or left of the centre of the rale. Its 
position is indicated on a scale. In use, 
when set to the required angle, the needle- 
point is put in the centre of the wheel to be 
drawn and one side of each of the arms drawn. 
The needle-arm is then, thrown over to the 
reverse side of the centre of the rule, and the 
remaining side of the arms drawn. 

Elliptical Tram wbXj 

(i.) With the aid of this instrument large 
ellipses can be easily and accurately drawn. 
The type shown is designed more particu- 
larly for sizes above 5" minor axes. The 



bed is constructed in the form of a cross, 
with short needle - points protruding from 
the under side for fixing the instrument 
to the paper. . Through the centre of the 
arms, on the upper side, are two vee-slots 
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crossing each other at right angles. Each 
slot is fitted with a slide carrying a vertically 
pivoted swivelling head through which a 
rectangular trammel rod is made to slide 
freely, or "be locked in any position with, a 
milled set-screw. On the end of the rod. a 
fitting is fixed to receive the scribing pen or 
pencil. To draw an ellipse, the instrument is 
used as follows : Two lines are drawn at 
right angles on the paper and the major and 
minor axes marked off. The instrument is 
then placed in position with the centre lines 
of the tee-slots normal to the lines drawn, 
and is fixed by pressing the needle-points into 
the paper. With the set-screws in the slides 
free, the trammel rod is brought into line with 
the major axis, and the pencil-point set to 
the axis mark. The minor axis slide now 
being in the centre of the cross is locked to 
the rod by the set-screw. (It should be noted 
that the major axis slide is between the 
scribing point and the minor axis slide.) In 
a similar way the major axis slide is set by 
moving the rod through 90° so that the pencil 
can be set to the minor axis mark, and the 
rod locked with the set-screw to the major 
axis slide. The slides are now both locked to 
the rod, and the ellipse may he drawn by 
moving the pencil carefully round the instru- 
ment, allowing the pair of slides to control its 
path. 

The action of the trammel depends on the 
property of an ellipse, that if, from a point on 
the minor axis as centre, a circle be described 
having the major semi-axis as radius, and the 
centre be joined to the point of intersection 
of the circle and ellipse, then the intercept on 
this lino between the point of intersection and 
the major axis is equal to the minor semi-axis 
of the curve. 

(ii. ) The Semi -elliptic Trammel ( Fig. 33). — 
This is similar in principle and action to the 



instrument described above, hut with it much 
smaller ellipses can be drawn, and it has a 
much larger range over all sizes. It has the 
disadvantage, however, that only half of the 
ellipse can be drawn with one setting. The 
slides are arranged in different planes, and 
being independent a smoother working action 
is obtained. The minor axis slot is at the top, 
similar to the elliptic trammel, but the major 
axis slot is cut in a vertical face along the 
front of the instrument. In setting the 
instrument the vertical face can bo set along 


the line of the major axis, enabling a much 
easier and more accurate setting to he obtained, 
(iii. ) Elliptograph (Tig. 34). — This instru- 
ment is designed to produce ellipses of small 



size with one setting, and has a range from 
to 6" major axis. The principle of its action 
is a combination of a rotary and a rectilinear 
motion. 

The base is in the form of a table on four 
legs. Two of the legs are fitted with needle- 
points for locating the axis of the instrument 
along the major axis line of the ellipse to bo 
drawn. In line with the needle-points a long 
slot is cut in the centre of the table and fitted 
with a slide. Across the table at right angles 
to the slot a rectangular plate is arranged to 
slide in dovetailed guides, and the plate has a 
large circular hole in. its centre into which is 
fitted a disc free to rotate in the plate. Tho 
disc has an adjustable centre in the form of 
a slide fitted in a slob across its diameter, 
and provided with an index and a scale, as 
shown, for setting the eccentricity of the centre. 
This centre is arranged to work coaxially 
with the centro of the slide in tho slot of the 
table beneath, and directly through their axes 
a square vertical rod passes, to tho bottom of 
which a bar carrying an adjustable pencil 
is attached. By turning the milled head at 
the top of the vertical rod the ellipse is de- 
scribed, and by lifting the milled head tho 
pencil is removed from the paper. The pencil 
is adj usted radially by means of the horizontal 
milled head shown in the figure, and a scale 
and index are provided. 

To set the instrument for a given ellipse, 
the pencil is adjusted in its slide to the required 
minor axis, sotting of course by the scale. 
On the disc above the difference between the 
major and minor axes is set to the scale on the 
disc. 

It should bo noted that the bar carrying 
the pencil is in lino with the slot and slide 
in the disc. 

After the above adjustments, the instrument 
is set in position by the needle-points along 
the major axis lino drawn on tho paper, and 
by rotating the milled head referred to above 
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the ellipse is produced to the required dimen- 
sions. 

It will be seen that during the operation 
the rectangular plate moves to and fro in its 
transverse slides as the disc rotates, and that 
the disc merely forms a crank to which the 
pencil is attached, and is controlled in its 
movement by the major axis slot in the bed 
beneath. 

Hudson’s Horse -power Computing Rule 

A form of slide rule for calculating the pro- 
portions of steam engines. It is fitted with 
two slides movable in either direction. It 


is made in cardboard or boxwood. It gives 
without any calculation — 

(1) The I.H.P, from the usual data. 

(2) The size of the engine for any given 
power. 

(3) Piston speed. 

(4) Ratio of cylinders of compound engines. 

(5) The mean pressure for any cut-off can 
be found from the initial pressure. 


Isograph 

A form of adjustable protractor used 
similarly to the ordinary set-square for setting 
off any angle. It is similar in construction to 
the carpenter’s two -foot single folding-rule : the 
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laminated hinge in the case of the isograph is 
graduated in degrees to form a protractor, and 
arranged so that the two straight edges can 
be set to any inclination between 0 and 180 
degrees. 


Laths por Curve Drawing 

(i.) The Parabola . — This is a simple appar- 
atus by which parabolic curves of given 
dimensions may be drawn with reasonable 
accuracy. It consists of a lath and a tee- 
square. 

The lath has one edge which is true and 
straight, and the square is similar to an 
ordinary tee - square, but is flush on both 
sides ; the top of the stock is square with the 
blade edge. 

In producing a given parabola the axis and 
base lines are drawn and the focus and base 
points marked. The lath is set in a position 

parallel to the base line 
either along the direc- 
trix or in a position to 
leave sufficient space 
for the curve to be 
drawn. 

The stock of the 
square is placed against 
the lath with the edge 
of the blade intersect- 
ing the base line at the 
base point as shown. 
A cord is then stretched 
from a pin fixed in the 
focus point and attached 
to the blade of the squ are 
at the base point. The 
attachment is made by 
drawing the cord through a hole drilled 
transversely through the blade at the required 
place, and fixed by means of a round taper 
wedge. Several holes of suitable pitch are 
usually provided. 

The parabola is drawn with a pencil, com- 
mencing at the base point by holding the 
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cord with the pencil-point against the blade 
edge and at the same time allowing the square 
to slide along the straight edge towards the 
axial line. The length of the cord is equal 
to the distance between the base line and the 
directrix. Hence clearly the distance of the 
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pencil from the focus is equal to its distance 
from the directrix, the fundamental property 
of a parabola. When one half of the parabola 
is completed the other half is drawn by 
turning the square over and repeating the 
operation. The lath is held in position by 
weights. The illustration shows the square in 
two positions. 

(ii.) The Hyperbola {Fig. 38). — The hyper- 



bola may be drawn, in a similar way to 
the parabola method described above. In 
this case a simple lath is used. A centre, at 
one end, in line with the edge is provided by 
means of a hole drilled in a metal projection. 
Along the edge of the lath transverse holes 
are drilled, and a wedge is provided for fixing 
the cord. The method of use is as follows : 

The axes and base line of the hyperbola are 
drawn and the focus S, his second focus H, 
and the base points marked. The lath is 
centred at the second focus H point by 
means of a pin passing through the centre hole 
referred to above, thus forming a fulcrum. 
The lath is then set so that the true edge 


Thus HP - SP= a constant, which is the f un- 
damental property of the hyperbola. 

The hyperbola is completed by turning the 
lath over and repeating the method on the 
other side of the axis. 

Log-:log Rules 

The Log-log rule is similar to the ordinary 
slide rule, but is made wider to accommodate 
additional scales which enable powers and roots 
to be determined, by one operation. The prin- 
ciple involved was first used by Dr. Eoget 
in 1815, blit not until recent years has the 
system been successfully applied to the slide 
rule. 

There arc several types o£ log-log rules 
made, but one of the earliest of this type was 
designed by Professor Perry, F.R.S., and is 
known as the “Perry Rule” (described below). 
The special log-log scales are generally arranged 
along the upper and lower edges of the rule, 
and are used in conj unction with the ordinary 
scales. The log-log scale is graduated in 
divisions proportional to the logarithm of 
the logarithm of the numbers indicated along 
the scales, and is used for calculating a n = a. 
The logarithmic method of calculating a n = x 
is log ax n~ log x. 

By again taking logs, 

log (log a) H- log n =log (log cc). 

It is now evident that given a suitable log-log 
scale on the rule this calculation can bo 
accomplished by simply adding n by the 
slide and reading x on the log-log scale. 

(i.) The Perry Rule [Tig, 39). — -la the Perry 



intersects the base line at the base point. 
From a pin fixed at the focus S a cord is 
attached to the edge of the lath and fixed 
by means of a wedge to one of the trans- 
verse holes at B referred to above. 

The semi -hyperbola is drawn by running 
the pencil along the edge of the lath towards 
the apex aud at the same time keeping the 
cord between the pencil-point and the lath, 
allowing the latter to swing until in line with 
the. axis. For we have 


and 


HP -1- PB = a constant, 
SP-fBP = a constant. 


rule the log-log scales are used in conjunction 
with scale B of the slid©, and extend along the 
upper and lower edges of the rule. The upper 
scale, known as E, has a range of numbers from 
1-1 to 10,000, and the lower scale, — E orE" 1 , 
a range from *0001 to 0*91, enabling numbers 
less than unity to be easily dealt with. The 
scales are reciprocal one with the other. Thus, 
•5 will be found orx scale E~ l opposite 2 on 
scale E. 

In using the rule to find a yi , a is simply 
multiplied by n 9 using the scales E and B. 
Thus, set the unit of slide B opposite a on 
E and read the answer on E opposite n on 
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B. The index n may be positive or negative. 
The result for a negative index is read off on 
the reciprocal scale because a~ n — 1 ja n , that is, 
a~ n is the reciprocal of a n . To find a~ n , if a 
is greater than unity we multiply a on the 
scale E by n on the slide and read the answer 
on scale E _1 , but if less than unity multiply 
a on E _1 by » on B and read the answer on E. 

In using the log-log scales it should be 
noted that the values of the marking should 
be taken as given ( e.g . 1-5 is definitely 1*5, 
and cannot be taken as 1500 or -0015, etc., 
as with the ordinary scales). 

(ii.) The Faber Log -log Rule {Fig. 40). — In 
this rule the two log-log scales are arranged in 


directly above the base can be drawn without 
sliding the base along sideways. 

Parallel rules are often used for section 
lining on engineers’ drawings, and adjustable 
devices are sometimes fitted to limit the 
movement of the bevelled blade to the desired 
pitch of the sectioning. The method of use 
is as follows : 

The rule is closed and a line drawn along 
the bevelled edge. The bevelled edge is then 
extended out to the limit allowed and another 
line drawn. The base of the rule is now closed 
up and the bevelled rule again extended and 
another line drawn. It will be seen that by 
opening and closing after each line is drawn 
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a similar way to the Perry rule, but the upper 
scale has a range from 1-1 to 2-9, and the 
lower scale from 2-9 to 100,000. These scales 
are used in conjunction with the C scale of the 
slide. When using on the right-hand end of 
the slide a special unit line marked W is used 
as the unit point. This rule is also provided 
with two special scales on the stock beneath 
the slide, one for calculating efficiency of 
dynamos, effective horse-power, etc., and the 
other for loss of potential, current strength, etc. 

Parallel Rules 

_ The simple type {Fig. 41) consists of two 
similar rules, one with a bevelled edge, pivoted 
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together by two metal links as shown in the 
illustration. The pivot centres on each of the 
rules should be equidistant. The centres of 
the finks also should 
be equal if accurate 
parallel fines are to be 
produced. 

The range of this 
instrument is limited 
by the swing of the 
finks. To increase 
the range another 
pair of finks connecting another rule on 
the opposite side may be added. When 
arranged with two sets of links parallel lines 


a series of equidistant parallel lines are 
produced. 

Set squares serve the purpose of this type 
of rule equally well, with the result that the 
parallel rule is not often used by draughtsmen. 

The rolling type of parallel rule {Fig. 42) 
is far superior to the fink type described 
above, and is used more particularly by civil 
engineers and architects for ruling parallel 
lines on large drawings when it is difficult to 
use a tee-square, and also when parallel lines 
in various directions are required. With this 
type of rule it is possible to rule parallel easily 
and rapidly in any direction directly in fine 
with the base fine. 

The rule in its simple form consists of a 
fairly stout rectangular bevelled rule mounted 
on two wheels of equal diameter which project 
slightly below the lower surface. The wheels 
are mounted solidly on a long axle running on 
bearings fixed to the rule, and are protected 
above by a semicircular cover. These rules 
are made in ebony with brass and electrum 
fittings, and the sizes range from 6" to 24" 
long, and sizes up to 36" are sometimes made. 

Weight within reason is an advantage. The 


lighter types are liable to slip on smooth paper 
and for this reason the rules are sometimes 
made throughout in gun-metal or electrum. 
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Protractors 

The simple type (see Fig. 43) consists of a cir- 
cular plate of electrum, vulcanite, or celluloid , 
the circumference of 'which is bevelled to a 
thin edge and divided into 360° and half 
degrees. The marking is figured every 10°. 
The circular plate is cut away near the 
centre, leaving a cross-bar one edge of which 
is diametral, and bevelled to a thin edge. 



Fig. 43. 



Central along the bevelled edge a line is 
marked which represents the centre or setting 
point of the protractor. 

The transparent celluloid type is usually 
made solid, and is marked and divided on 
the underside, thus eliminating errors due to 
parallax. The setting point merely consists 
of a small hole pricked through or cross-lines 
on the underside. To obtain more accurate 
results a small separate arm marked with a 
vernier is used (see Fig. 43). With this attach- 
ment, marking off to minutes may be accom- 
plished, and the hovelled edge of the arm 
enables a portion of the radial line to be drawn. 
Another type of circular protractor (see Fig. 44), 

made in brass or elec- 
brum, lias tho vernier 
scale and arm arranged 
to rotate radially about 
a hollow centre bearing 
supported by four radial 
arms. The setting p oint 
in this case is marked 
on a small circular piece 
of glass or celluloid lot 
into the centre of the 
hollo w bearing and con- 
centric with it. The 
setting point is some- 
times located by a small 
circle as well as the 
cross-lines, but in this ease the lines join 
the circle hut do not cross it. With the 
aid of the lines it is possible to judge the 
centre of the circle more easily. Marking off 
directly from tho radial arm often leads to 
inaccuracies if tho thickness of the pencil-point 
is not accounted for. A more accurate means 
as an alternative is provided by forming the 
end of the arm to accommodate a small hole 
through which a pricker can bo used. The 



arm is sometimes made in the form of a spring, 
with a needle-point at the end. Thus by sLiglit 
pressure with the lingers the required position 
is located by a puncture point on the paper. 

The radial setting points on the type of 
protractor just described are engraved at 
45° on bevels arranged on the inner circumfer- 
ence of the divided 
circle. Needle-points 
are also provided at 
the outer ends of the 
arms for fixing the 
protractor in position 
on the paper. 

A more elaborate 
typo of protractor 
shown in Fig. 45 is 
used more particularly 
for theodolite plotting. 

This instrument is 
fitted with two arms 
in conjunction with 
the vernier, these 
being fitted with 
needle-points lringed Fia. 45. 

and controlled by a 

spring. The needle-points are arranged dia- 
metrically opposite each other, thus giving 
two punctures as well as the centre marie 
through which the angular lines can he drawn. 



Slide Rtiiles 

The slide rule provides a simple mechanical 
means by the aid of which arithmetical, alge- 
braic, and trigonometric calculations can bo 
easily and rapidly performed. Its operation 
is based on the properties of logarithms, and 
it may almost ho regarded as a table of 
logarithms in scale form. In slide rule cal- 
culations the system of logarithms is used 
more or loss unconsciously by the operator, 
and it is not necessary for tho operator to 
understand tho principle of logarithms, as the 
figures representing the val uo of the divisions 
marked on tho scales and used in tho calcu- 
lations are not logarithmic : it is tho spacing 
of tho divisions only which bears relation, to 
logarithms. 

iSlidc rules depend for their action on the 
law that 

log xy — log » -I- log y. 

Tho lengths of the divisions of tho rule are 
proportional to the logarithms of the corre- 
sponding numbers, and numbers are multiplied 
by adding their logarithms. 

(i. ) The JjogarUknm Slide . — -Tho straight 
logarithmic scale was invented by Edmund 
Gunter in 1620, and with it calculations 
were made by the aid of dividers. After 
this various types of logarithmic slide rules 
with one or more sliding scales were invented, 
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but it was not until 1850 that Mannheim 
designed the standard British rule used at 
the present time. This type of rule, also 
known as the * c Gravet ” rule (see Fig . 46), 
consists of three parts, the body, the central 
slide, and the cursor. The body and the slide 
are each marked with two scales, and it wall 
be seen that when the slide is in its normal 


size of scales C and D. The divisions on the 
scales are arranged decimally, and by simple 
observation the value of any subdivision is 
found, and by interpolating, the value of 
readings between two subdivisions can be 
obtained. 

The value of the commencing figures of the 
rule and slide may either be taken as 1 as 



position the adjacent scales of the slide and 
body are alike. 

The cursor is a small metal sliding frame 
containing a glass on which a hair line is 
drawn and is used for the purpose of correlating 
divisions of one scale with those of another. 

For reference purposes the scales on the 
front face of the rule are generally referred to 
by the letters A, B, C, and D (see Fig . 47). 
Scales are also marked on the back of the slide 
and are lettered T and S. These scales are 
used in conjunction with the others for 
trigonometrical computations, T for tangents, 
and S for sines. Another scale marked L, 
for obtaining the mantissa of logarithms, is 
often to be found in the centre of the slide 
between scales T and S. 

The divisions of the scales A and B, C and D, 
are proportional to the common logarithms of 


indicated, or -1, 10, 100, 1000, provided, of 
course, the values of the other figures are 
altered in the same proportion ; if 1 is taken 
as 10, then 2 will be 20, and so on. 

When calculating with the slide rule, 
beginners often have difficulty in locating 
the position of the decimal point in their 
results. It is possible to formulate rules for 
this purpose, but unless they are memorised 
and carefully applied they cause delay. 
Experienced users of the instrument usually 
calculate throughout, regarding all the figures 
as whole numbers, and fix the position of 
the decimal point in the result by inspection 
or by a rough mental calculation. 

Sometimes, however, when an expression contains 
a mimber of figures involving zeros and decimals 
it is desirable to rearrange the decimal points so that 
each quantity contains one whole number only. 



the numbers with which they are marked. 
Thus, for example, the distance from the 
left-hand unit to the figure 3 does not represent 
3 of any specific unit, but is proportional to 
the logarithm of 3, and if measured on scales C 
or D of a true 1 10" rule the distance would 
be 4*771", i.e. the log of 3 in the proportion 
10/1. Similarly the distance of 2 will be the 
logarithm of 2 x 10== *3010 x 10 = 3*01. It will 
be seen, therefore, that the scales can be readily 
marked off from a table of logarithms. 

Scales A or B are marked off from logarithms 
in the proportion 5/1, making them half the 

1 The length of a scale or rule usually described as 
10" will generally be found to be 25 centimetres. 


multiplying in each case, of course, by 10 to some 
power positive or negative according to the number 
of places and direction the decimal points are moved. 
For example ; 

268*3 x *000675 2*683 x 10 a x 6-75 x 10-* 

*03x8006*1 "'ixlO’ a v8W)l < 10*“ 

_ 2 *683 x 6-75 x 10“ 2 *683 x 6-75 x 10"® 

3 x 8 * 006 1 x 10 “ T>'8* OCX i 1 

This method not only assists in finding the decimal 
point, but simplifies the calculation to a great extent, 
A considerable amount of practice is necessary 
with the slide rule to obtain results with rapidity 
and precision, and also for rapidly settling the 
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position of the decimal point. Some general methods 1 opposite the right-hand unit of C the answer 


of calculation are explained below. 

(ii.) Squares and Square Roots . — If the 
scales A and D are examined it will be seen 
that the numbers on A are the squares of the 
numbers directly below on D. The use of the 
cursor enables the coincidence of the divisions 
on the two scales to be more easily noted. If 
the cursor is set to coincide with a given 
number on 13, the square of the number can 
be read off on A. In extracting square roots 
this process is, of course, reversed. 

(hi.) Multiplication and Division . — In using 
logarithms, multiplication of two or more 
numbers is effected by adding the logarithms 
of the factors, and division by subtracting the 
logarithms of the factors. This is precisely 
the principle attaching to the use of the slide 
rule for these calculations, the addition or 
subtraction in this case being performed by the 
slide scale, since the linear dimensions of the 
scales as described above are proportional to 
the logarithms of the numbers marked on 
the scales. For example, to multiply 2*5 by 
6, set the unit of the slide opposite 2-5 on the 
scale A, and against 6 on the slide read the 
product 15 on A. For division the operation 
is reversed. Thus, to divide 6 by 2*5, set the 
2*5 on the slide against 6 on A, and read 
the quotient 2*4 on A against the unit of 
the slide. 

It will be observed that by setting the unit 
of the slide against a given number on A the 
products of the number multiplied by any 
number on the slide can be read off directly 
on scale A. 

The lower scales, C of the slide, and D of 
the rule, may be used in the same way as A 
and B for calculation, and they are sometimes 
preferred as the divisions are more open. It 
should be noted, however, when using these 
scales, or when continued multiplication is per- 
formed on the upper scales, that it is necessary 
to use the right-hand unit if the result of the 
calculation cannot he found on the scale, or 
that during a calculation it may sometimes 
be necessary to transfer from the unit at the 
one end to the unit at the other. 

(iv.) Proportion . — This is simply a com- 
bination of multiplication and division. For 
example : 


Using the rule, set 4 on B opposite 2 on A, 
and opposite 7 on B read the answer 8*5 on A. 
Now that the slide is set, any proportion of the 
ratio 4 : 2 can be read off along the scale. 

(v.) Reciprocals, — The reciprocal of a 
number n being 1/n, the principle already 
described for division can be applied. For 
example, to find the reciprocal of 16, set 16 on 
C opposite the left-hand unit on D, and read 


*0625 on D. Or, alternatively, set the left-hand 
unit of the C opposite 16 on D, and opposite 
the right-hand unit of D read the reciprocal 
-0625 on 0. 

Another method, by which all reciprocals 
can be read off directly without moving the 
slide, is to reverse the slide so that scale C is 
above scale B, Then, by setting the end 
units of the slide and nile in coincidence, the 
reciprocals of the numbers on scale D can be 
read directly on the inverted scale 0 by using 
the cursor. For example, in line with 4 on X) 
will be seen -25 on 0. The numbers on 0 are, 
of course, read as decimals. 

If the rule is examined with the slide set as 
described, it will be seen that the length of 
slide representing the reciprocal is added to 
the length of scale D representing the number, 
and since the reciprocal of a number multiplied 
by the number is equal to 1 the two lengths of 
the scale must be equal to 1 or 10, i.e. the total 
length of the rule. 

(vi.) Cubes and Cube Roots . — The cube of 
a number is obtained by finding the square 
as previously described, and multiplying it by 
the number itself ; or, as follows, which is 
similar, set the left-hand unit of the slide 
opposite the number on 33, and opposite the 
number on B read the cube root on A. 

A simple alternative method is to invert 
the slide so that scale B is adjacent to scale D. 
Find the number of which the cube is required 
on each of these scales, and set the divisions 
to coincide, then opposite the unit of the slide 
the cube will be found on scale A. 

The cube root is obtained by locating the 
number on A with the cursor and adjusting 
the slide so that two numbers of the same 
value appear at the same time, one on the 
scale B under the cursor, and the other on 
scale D under the left-hand unit of scale C. 
Simply the reverse of the cube method. 

An alternative method by inverting the 
slide as described above is perhaps more 
| simple. Set the left- or right - hand unit 
opposite the number on A ; look along the 
scales B and I), and find two numbers of the 
same value which coincide. The number 
found is the cube root. For example, to find 
the cube root of 64, invert the slide, set the 
unit of the slide (the right-hand one in this 
case) opposite 64 ; by glancing along the two 
lower scales it will be seen that divisions 
marked 4 coincide ; 4 is then the cube root. 

(vii.) The Fourth Power and Fourth Root . — 
The former is found by squaring the square 
root, and the latter by finding the square 
root of the square root. 

(viii.) Logarithm, s y Sines , and Tangents 
On the reverse side of the slide will be found 
three scales. The upper one, marked S* gives 
values of sines ; the middle one, marked L, 
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the mantissa of logarithms, and the lower 
one, marked T, tangents. 

The scale L, it will he seen, is divided into 
10 equal parts from left to right, and sub- 
divided into 50ths, and represents the mantissa 
of logarithms of the numbers found on scale 
D, to which they can be related by means of 
the lower reference line in the right-hand gap 


which power and root calculations can be 
made with one setting of the slide only (see 
“ Log-log Rules.” 

(xi.) Cubing Rules (Fig, 48). — The Reitz rule 
is an example of this type and has, in addition 
to the usual scales. A, B, C, and D, a special 
scale arranged along the top edge above scale 
A, which is equivalent to three times the 
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at the back of the rule. Thus, to find the 
logarithm of 4, set the left-hand unit of the 
slide opposite 4 on scale D, turn the rule over, 
and opposite the line in the gap read *602 on 
scale L. This number is the decimal part or 
mantissa of the logarithm. The characteristic 
according to the rules of logarithms must of 
course be added. 

(ix.) Sines , — By the use of the scale S the 
numerical value of the sine can he obtained for 
a given angle, or conversely the angle from the 
value of the sine. To find sine 30°, set 30 
on scale S opposite the mark in the gap, 
turn the rule over, and opposite the right-hand 
unit of A read -5 on B. 

An alternative method enabling sines of 
angles to be read off direct is accomplished 
by turning the slide over so that sine scale 
lies along the scale A with the end units 
in coincidence. It will then be seen that 
values of the sines are given on A opposite 
the angles on the sine scales, and vice versa, 

(x.) Tangents . — Tangents may be found in 
a similar way to sines, described above, by 
using the left-hand gap and the scale marked 
T. For example, to find the tangent of 30°, 
set the 30 on scale T opposite the line in the 
gap, turn the rule over, and read the value 
•577 opposite the left-hand unit of D on scale C. 

Powers and roots other than those of the 
simple forms already described can he calcu- 
lated with the slide rale by the application of 
the ordinary logarithmic principles for power 
and roots. Thus logarithmically, to find a lh , 
multiply the log of a by n and delogarise the 
product, and find the number of the logarithm 
obtained. Similarly, to find n \J a = x 9 proceed 
as above by dividing by n instead of. multiply- 
ing. This process can be worked out on the 
slide rule by using the L scale in conjunction 
with scales C and D. It involves, however, 
several re-settings. Rules are now made, 
however, with additional scales by means of 


length of scale D, thus enabling cube and cube 
roots to be read directly by means of the 
cursor, using scale D similarly to the way in 
which it is used with scale A for squares and 
square roots. 

A scale, similar to the L scale on the 
back of the ordinary slide, is provided 
along the lower edge which gives the 
mantissa of the logarithms of the numbers 
on scale D. 

(xii.) Fuller's Slide Rule (Fig, 49), — This rule 
is in cylindrical form, and the logarithmic scale 
is marked helically on the surface of the 
cylinder, and is equal to a straight slide 83 feet 
long. Multiplication, division, involution, and 
evolution can be per- 
formed with great 
accuracy, the results 
being read oil to four 
places of decimals. 

Referring to Fig, 

49, it will be seen 
that the cylinder A, 
on which the scale is 
marked, is mounted 
on a sleeve to which 
is fixed a handle B 
and pointer C. The 
cylinder is free to 
rotate about or move 
up and down the 
sleeve. 

Fitting and sliding 
in the sleeve at the opposite end to the 
handle is a plunger carrying a pointer I). 
The readings are obtained by means of 
the pointers C and D. For example, to 
calculate 5 x 8-^2, set the pointer C to 5 
on the spiral, then move the pointer I) to 
the denominator 2, slide the cylinder until 8 
appears under the pointer D, and read the 
answer on the cylinder under the pointer C. 
The Thachees Rtjee (Fig, 50),— This in- 
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strument consists of a cylindrical core which 
fits into an open framework made up of 
twenty triangular bars as shown in the figure. 
The core is marked with forty longitudinal 
scales. The right half of each scale is similar 
to the left portion of the scale in advance. 



Tig. 50 . 


or vice versa. The weights are rectangular 
blocks of lead cased in mahogany or covered 



with leather. The base at one end has a 
pointed tongue with which the splines are 
pressed into the desired shapes. T . 


The lower edges of the triangular bars a, re 
marked with scales similar to the core, and 
on the upper edges scales of square roots are 
marked. 

The triangular bars are fixed to rings which 
rotate in the supports at each end. The core 
is free to rotate and move longitudinally in 
the frame. Thus the scale on the bars can 
be brought in view, and any line on the slide 
brought opposite any line on the frame. 

Splines and Weights 

These are used for drawing large irregular 
curves, more particularly of the type met with 
in ship designs. 

The splines, or battens, as they are some- 
times called, are long square strips of lance- 
wood of varying sizes in lengths from IS" to 
8 feet, and from to %" square. A set is 
usually made up of about 75 sizes. The splines 
are also made to taper uniformly throughout 
their length or from the centre to each end, 


Draughting Machines. See “ Draughting 
Devices,” p. 263. 

Draughtsman’s Curves. See “ Draughting 
Devices,” p. 264. 

Drawing Scales. See “ Draughting Devices,” 

p. 266. 

Drawing Tables. See “ Draughting Devices,” 
p. 269. 

Drawings : 

Figuring of tolerances. Soe “ Metrology,” 
X. § (37) (iii). 

Marking of. See ibid. X. § (37). 

Method of indicating accumulation of 
tolerances. See ibid. X. § (37) (iv.). 
Drops of Water, Meteorological Effects 
of. See “ Meteorological Optics,” §§ (14)- 
(16). 

Dufpield’s Method for Measurement of 
Gravity at Sea. See “ Gravity Survey,” 
§ (5) (ii.) (6). 

Dynamical Theory of Tides. See “ Tides, 
and Tide Prediction,” § (6). 
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EARTH, THE MEAN DENSITY OF THE 

§(D The Constant of Gravitation. — While 
geologists and others may have some kind 
of parochial interest in knowing that the earth 
contains a little more than 5| times as much 
matter as an equal volume of distilled water 
of its normal density, the real interest of the 
physicist is directed not towards this figure 
at all, but to the fundamental constant of 
universal gravitation of which the figure is a 
mode of expression. Thus, under the laws 
of gravitation as formulated by Newton, the 
orbits of planets round the sun or of satellites 
round their respective planets, or rather the 
common centre of gravity of each system, give 
the data from which the relative masses of 
the planets and sun may be determined, but 
no amount of astronomical enquiry will fill 
in the one unknown, the absolute mass of 
any one, or what comes to the same thing, the 
value of the constant G in Newton’s equation : 

Force of attraction = G—-1-, 

d 2 


where M and m are the respective masses of 
a pair of bodies, small compared to tlieir 
distance apart or spherical in form, and cl is 
the distance between their centres all expressed 
in consistent units. In order to find this 
constant G, experiment must be made in which 
M, m, d and the force of attraction can all he 
ascertained. Then knowing the acceleration 
of a falling body at the earth’s surface, or 
of the moon towards the earth, and taking 
account in the former case of the corrections 
due to the elliptic form and centrifugal force 
and the distance to the earth’s centre, the 
total mass and consequent mean density 
follow by calculation, and so, as stated above, 
this is a mode of expression for the constant 
of gravitation. 

(i.) Mountain Observations. — Thero are two 
distinct ways of approach to the experimental 
solution of the problem. That practised first 
by Bouguer on Chimborazo, Maskelyne and 
Hutton at Schiehallion, James at Arthur’s 
Seat, and others, depends upon the supposition 
that an isolated mountain may be treated as 
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an excrescence on an otherwise homogeneous 
earth, or if not homogeneous and smooth, 
other local variations are as far as possible 
allowed for. Then a zenith instrument, set 
first to the north and then to the south, will 
have the direction of the vertical disturbed 
by the attraction of the mountain as a large 
independent body, making the apparent 
difference of latitude greater than that found 
by surveying. Data so obtained would!, if the 
method were suitable, provide the means 
whereby with much calculation the mass of the 
earth and of the mountain could be compared, 
and so from a study of the mountain the mass 
of the earth could be ascertained. The trouble 
is, however, that the study of a mountain at the 
best leaves some doubt as to its geometrical 
and mass constant, and the supposition of a 
homogeneous earth or, what is sufficient, of an 
earth composed of homogeneous concentric 
shells is not justified. Mountains may be 
supported in whole or in part by material of 
lower density below than that on either side, 
giving rise to a land of hydrostatic equili- 
brium and not requiring other support. In 
such case the attraction due to the mountain 
may be in part balanced by a diminished local 
attraction below. Besides this the homo- 
geneous shell structure irrespective of the 
mountain may not exist. It follows therefore 
that, knowing the constant of gravitation 
from laboratory experiments, experimental 
comparison between a part of the earth and 
the rest of the earth may be used to get some 
idea of local density, but it is of little use to 
find the mean density or the constant of gravi- 
tation, and it manifestly cannot be used for 
finding both local and mean density. For 
this reason it appears to the writer unneces- 
sary to enter into more details of these experi- 
ments. 

(ii.) Colliery Experiments . — Another class of 
experiment is best known in relation to Airy’s 
researehes at the Harton Colliery in 1854, and 
repeated by Von Stemeck with an invariable 
pendulum at Pribram in 1883 and at Freiberg 
in 1885. In these the value of g is found by 
pendulum experiments at the surface and 
again at a considerable depth in the mine. At 
the surface the whole earth attracts the pen- 
dulum at the whole radius for distance ; 
in the mine the spherical shell exterior to the 
pendulum has no action on the pendulum if 
homogeneous but the pendulum is attracted 
as by a smaller earth at a smaller distance. If 
the whole earth were homogeneous in density 
the attraction would be less in the ratio of 
the two diameters, but as the density of the 
interior of the earth is much greater than that 
of the surface, more is gained by being nearer 
the smaller and denser inner sphere than is 
lost by the elimination of the outer shell. 
It is evident that if the homogeneous shell 


structure could be relied upon, experiments 
of the kind would lead to good determinations 
of the mean density owing to the great 
accuracy with which the period of a pendulum 
can be determined, but the same general 
uncertainty as to local variations of density 
detract from the value of such measurements, 
and they will not be described further. They 
are discussed in Poynting’s monograph 1 and 
by Burgess. 2 

For the same reason the experiments of 
Carlini at Mont Cenis, 1821, and of Mendenhall 
at Fujiyama, 1880, in which the period of an 
invariable pendulum is observed at the summit 
and foot of the mountain, are only mentioned. 

(iii.) Laboratory Experiments. — The second 
way of approaching the problem, now generally 
considered that most likely to give good 
results, is — on paper — the simple and obvious 
one of observing in the laboratory the attrac- 
tion f between two masses at a known distance 
apart. If these are homogeneous spheres 
of masses M, m and the distance between 
their centres is r, G is found at once from the 
equation 

m* 

Le . if all the units employed are consistent. 
The difficulty of measuring this force, however, 
depends upon its extremely small value. 
Taking all the apparatus of the physical 
laboratory in which small forces or couples 
are measured, such as galvanometers, electro- 
meters, which are generally considered delicate 
instruments, no precautions whatever are 
taken to allow for or avoid changes of distance 
between the moving and fixed parts resulting 
from a deflection and the consequent changes 
in the gravitational attractions, simply because 
these are immeasurably small in comparison 
with the forces or couples which the instru- 
ments are designed to measure. 

In all cases where these forces have been 
measured in the laboratory some form of 
balance has been used. If the axis of rotation 
is vertical a torsion balance, if horizontal a 
true gravity "balance, and in the latter case 
the arm of the balance may be horizontal 
as in an ordinary balance or vertical as in a 
metronome. 

§ (2) Tins Torsion Balance. — The first 
laboratory instrument ever made was designed 
and constructed by the Rev. John Michell, who 
realised the value and appears to have been the 
inventor of the torsion method of balancing 
very small couples, but he did not live to 
complete it. Some years later Cavendish 8 
altered and completed the Michell apparatus 
and made the experiment which bears his 

1 The Mean Density of the Earth , Charles G-rillin 
& Co., Ltd. 

2 JPhys. Rev., 1902, xiv. 

3 Roy . Soc. Phil . Trans., 1798. 
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name. It is interesting to note that Newton 
discussed the possibility of carrying out both 
the mountain and laboratory types of obser- 
vation, but by a curious numerical blunder 
concluded that the movements to be observed 
would be vastly smaller than as a fact they are. 
If he had not made this mistake he might 
well have applied his experimental aptitude 
to the problem. He, however, divined that 
the mean density was likely to be between 
5 and 6. 

(i.) QavendisJi . — In the apparatus of Caven- 
dish a light deal lever 6 feet long, stiffened 
with wire ties and carrying suspended at its 
ends lead balls 2 inches in diameter, was 
suspended by a fine silvered copper wire 39£ 
inches long within a wooden case. After 
trial with wires of different degrees of fineness 
one was selected w'hich gave a period of 7 
minutes. The ends of the lever were observed 
by telescopes in the walls of the building. 
The larger masses were balls of lead 12 inches 
in diameter suspended from a turn-table under 
the ceiling, and turned round from one position 
close to the sides of the box, where their 
attractions tended to turn the lever in one 
direction, to the other position where the 
attractions were reversed, tending to turn 
the lever in the opposite direction. The 
whole angle between the two positions of 
rest so found was double the angle due to the 
attraction in cither case. A determination of 
the period of oscillation combined with the 
ascertainable constants of the apparatus give 
all the information that is needed to find the 
actual attraction and G the constant of gravi- 
tation. Cavendish fully realised the import- 
ance of uniformity of temperature and the 
disturbances to be expected from convection 
currents, and he made a number of tests 
directly bearing on those disturbances. Caven- 
dish obtained twenty-nine results, from which 
he deduced a mean value for the density of 
the earth A : 

A = 5-448±-033. 

The corresponding value for the constant of 
gravitation in C.G.S. units is 

G = 6-754: x I0-«. 

(ii.) Reich and Baily . — The Cavendish ex- 
periment has been repeated several times, first 
by Reich 1 and Baily, 2 but no improvements 
of note were introduced until Cornu an d Bailie 3 
made their investigations. They reduced the 
size of the Cavendish apparatus, using a lever 
consisting of an aluminium tube only 50 centi- 
metres long, carrying at its ends balls of 
copper of 109 grammes each. A torsion wire 
of annealed silver 4-15 metres long was used 
together with a mirror, telescope, and scale for 

1 Comptes RenduSy 1837. 

2 Roy . Astr . Soc. Memoirs, 1843 . 

3 Comptes Rendus , 1873 and 1878. 


reading the movements, and the £>eriod of 
oscillation was 408 seconds. The attracting 
masses were of mercury aspirated from one 
pair of hollow cast-iron spheres to another pair 
so as to double the deflection. The spheres 
of mercury so used were 12 centimetres in 
diameter. By this means uncertainty as to 
uniformity of density in the interior of the 
large masses was entirely avoided and the 
movement of the mercury gave no disturbance 
to the apparatus. Cornu and Bailie discussed 
the effect of linear dimensions on sensibility, 
and showed that in apparatus in. all respects 
similar a change of linear dimensions in the 
ratio of 1 in will increase the couple due to the 
attraction, in the ratio of 1 : but that if 

the torsion wire is so proportioned as to main- 
tain the same period the torsional rigidity 
will also increase in the ratio of 1 ; w 6 , so that 
the deflection will be unaltered. Their value 
for A was 5*56 and the corresponding G is 
6*618 xlG- 8 . 

(iii.) Boys , — -The Cavendish experiment was 
very greatly modified by the present writer, 4 
whose new instrument the quartz fibre (q.v. Vol. 
III.) is so eminently adapted for measuring the 
infinitesimally small forces due to the mutual 
attraction of masses of moderate dimensions. 
He showed that while with similar apparatus 
of dimensions n : 1, the angle of deflection is 
the same if the period is the same, yet it is 
possible with very small apparatus to use for 
large masses balls enormously greater in pro- 
portion than any that had been contemplated 
or were practicable with large apparatus ; 
e.g. with a diameter more than four times the 
length of the beam, instead of one-sixth of this 
as in the apparatus of Cavendish. Then as 
such balls would act on the balls at the more 
remote end of the lever to a nearly equal 
extent in the opposite direction, he suspended 
these at a different level and so removed each 
small ball to a great extent from the adverse 
attraction of the large ball on the other side. 
With the proportions ultimately decided upon 
for the whole apjmratus he calculated the 
azimuth of the vertical plane containing the 
large balls with respect to that containing the 
small, which should give the maximum deflec- 
tion, and used them in that position where not 
only is the deflection greatest and the exact 
determination of the azimuth of the least im- 
portance, but the period of oscillation is least 
affected by the gravitational attraction. He 
further arranged that the heavy fixed parts 
of the apparatus should be made in the form 
essentially of figures of revolution about the 
axis of suspension, so that mutual gravitation 
between these parts and the suspension should 
have no component in the direction of motion, 

4 Roy. Soc . Proc 1880, xlvL ; Roy. , Soc. Phil. 
Trans. ', 1895, p. 186 ; and Rapports du Congr&s lnternat. 
de Phys . Paris , 1900, iii. 
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Also the whole of the suspension which was 
composed of metal was either pure gold or was 
electro -gilt, and the interior of the tube in 
which the suspension moved was also electro - 
gilt and polished* Thus no forces due to contact 
electricity could exist, and even if they did 
they would have no components in the direction 
of motion. The lever and mirror were the same 
piece of glass about 23 millimetres long by 6 
wide and about I a millimetre thick, in the ends 
of which sharp V grooves had been cut ; the 
small gold balls were suspended by quartz fibres 
lying in these grooves and hanging from hooks 
above. Thus the azimuth of the plane con- 
taining the gold balls was accurately deter- 
mined by the mirror, in which a scale of oOths 
of an inch (J millimetres very nearly), at a 
distance of 7000 millimetres, was road by 
means of a large telescope. Thus one division 
on the scale represented am angle of deflection 
of and a tenth of a division, which 

could be observed with certainty, an angle of 
^"g" 0 T'(Tinj or f second of arc. The large halls were 
made of lead cast and then compressed under 
hydraulic pressure in a strong accurately 
turned cast-iron mould 108 millimetres in 
diameter ; each weighed 7407 grammes. Any 
vacuum cavities, had they been formed, would 
have been squeezed up before the super- 
fluous lead was ejected in the form of wire, 
and uniformity of density was in this way 
assured. The small balls were of pure gold 
compressed in hollow steel hemispheres of 
three sizes, and they weighed 1*30, 2*65, and 
3*98 grammes. The horizontal distance be- 
tween the large balls was 15 centimetres, and 
this also was the vertical distance between the 
pairs of balls at the two levels. The angle 
giving the maximum couple was 65°. The 
complete period of oscillation of the mirror 
and small balls varied between 186 and 246 
seconds, depending upon the pair of gold balls 
chosen and quartz fibre used for suspension. 
These were 432 millimetres long and about 
inr millimetre in diameter. The distance 
apart of the quartz fibres by which the gold 
balls were suspended, as also of the wires 
by which the lead balls were suspended, was 
determined by the aid of a special instrument 
called an optical compass in which two micro- 
scopes were made to see successively the fibres 
or wires and a very finely divided micrometer 
scale which had been verified both at the 
Standards Office and in Professor Viriamu 
Jones’s Whitworth measuring machine. 

The apparatus was set up by kind per- 
mission of Professor Clifton in a vault under 
the Clarendon laboratory at Oxford, and in 
its construction and in its surroundings was 
screened from temperature disturbances by 
multiple concentric metallic screens, double 
wood housing, and curtains to an extent that 
might seem superfluous* Convection currents 


were, however, by this means cut down to 
such an extent on good observing nights as 
not to disturb the motion by To of a division 
on the scale, which corresponds to an air move- 
ment past the balls of 1 inch a fortnight. 

Nine experiments in all were made : the 
first four before the complete screening and 
other improvements in details had been 
provided ; the last in the winter, in a hurried 
visit of one night to Oxford. The remaining 
four, which were consecutive, were made under 
favourable conditions, and in these "experi- 
ments every variation of weight and of dis- 
tance and position, and of quartz fibre, was 
made. These four results were A = 5*5291, 
5*5268, 5*5306, 5*5269, from which without 
any regard to least squares, but with a re- 
collection of the behaviour of the apparatus 
on the several occasions, the writer concluded 
that 5*527 was the best value to be derived 
from the experiments. The other values 
obtained under less favourable conditions 
were 5*5213, 5*5107, 5*5159, 5*5189, and 

5*5172. These had but slight influence in 
arriving at the result given above. The 
corresponding value of Cl is 6*658 x X0- 8 . 

(iv.) Brawi . — At the same time that the 
investigation last described was being made. 
Dr. Carl Braun, 1 S.J., designed and con- 
structed with his own hands an apparatus 
which he set up in an enclosed corner of liis 
room in the monastery at Mariaschein, a 
beautiful spot in the mountains of Bohemia. 
Dr. Braun used a lever 246 millimetres long, 
from the ends of which were suspended halls 
of 54 grammes. The larger balls, weighing 
9146 grammes each, ranged between 38 and 
43 centimetres from centre to centre. All 
four balls were at the same level. A torsion 
wire 840 millimetres long was used. Dr. 
Braun introduced a new feature in that the 
moving system was carried within a tail glass 
bell making an air-tight joint with a thick 
plate-glass base, and he maintained a vacuum 
of 4 millimetres of mercury under the bell. The 
mirror, carried centrally below the lever, was 
inclined at 45° to the vertical, and a horizontal 
scale below was read by reflection from the 
inclined mirror by means of a telescope. Dr. 
Braun had great trouble with the want of 
perfect elasticity and creeping of his zero, 
as others have had before him, a trouble 
entirely overcome by the use of the quartz 
fibre. The writer therefore paid a visit to 
Mariaschein, taking with him a number of 
quartz fibres of suitable dimensions. This 
visit, happening to be on Friday, Michaelmas 
Day, their feast day, and a fast day, was in 
other respects full of interest. Dr. Braun, 
already advanced in years, did not live to 
make further observations. The results ob- 

1 DenTcschr . AJcad. Wiss. Wien , Math.-Natur. KL, 
1896, Ixiv., and Nature , 1897, lvi. 
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tained by him were A = 5-527 ±-001 and 
G = 6-658 x I0 -8 , identical with that last given. 

(v.) Eotvos . — Of all physicists who have 
interested themselves in this problem, the 
contributions of the late Baron Eotvos 1 are 
the most remarkable for the inventiveness 
and skill with which he has handled the 
balance, whether of torsion or supported on 
knife-edges ; for with the torsion balance he 
not only determined G, but observed differen- 
tial attraction on the balls at the two ends of 
his lever, and with a slowly rotating gravity 
balance he has demonstrated the rotation of 
the earth. When using the torsion balance 
to find G he employed the method, used by 
Reich, of observing the period of oscillation 
when the attracting exterior masses were in 
the same plane as the lever, so as in effect 
to add to the stability given by the torsion 
wire, and again in a transverse position when 
they acted in the opposite sense. He was 
able with this device to observe the differential 
attractions of terraces and of tidal water. 
The levers used by Eotvos ranged between 
250 and 340 millimetres in length, and the 
weights at the ends were of 30 grammes. The 
lever -was supported by a very long and fine 
wire of platinum which had been kept stretched 
for a month by a weight nearly equal to the 
breaking weight. The lever was suspended in 
a box made with double walls of thick brass, 
and the space in the vertical sense was re- 
stricted to the utmost so as to avoid convec- 
tion currents as far as possible. The results 
obtained were : 

A = 5*53 ±*01 and G = 6-65xl0- 8 . 

(vi.) Burgess. — Burgess, 2 working in the Sor- 
bonne, devised a method intended to increase 
the angle of deviation possible by relieving the 
torsion fibre of quartz of a great proportion 
of the weight of the suspended system by 
making use of the principle of flotation. 
For this purpose the lever carried below it 
a metallic cylinder wholly immersed in mer- 
cury, being connected thereto by a narrow 
neck which pierced the capillary surface. 
The disturbances due to capillarity were 
greatly reduced by a thin layer of dilute 
sulphuric acid. The lever had obviously to 
be taken down outside the vessel of mercury 
to a point low enough to give stability. The 
lever was 12 centimetres long, and carried 
suspended from its ends lead balls of 2 kilo- 
grammes each at the same level. The large 
balls were of lead and weighed 10 kilogrammes 
each. The quartz torsion fibre had no more 
than 5 to 10 grammes to support, and so 
could be made so fine as to allow of very large 
deflections. The result obtained was A =5-55, 
G = 6-64xl0 -8 . Burgess found the accuracy 

1 Wied. Annalen, 1896. 

3 Comptes Rendus, 1899, cxxix., and Phys. Rev., 
1902, 14=. 


of the experiment limited by uncertainty of 
deflection, due, no doubt, to the action of 
the liquids. He did not determine the 
torsional rigidity of the quartz fibre by 
observations in the gravity apparatus, but 
independently by noting the time of oscillation 
of cylinders of such proportions as to have 
the moment of inertia the same about any 
axis and of different weights, so as to cover 
the range of stretching force applied to the 
fibre. This is, in the writer’s opinion, an 
important improvement. On the other hand, 
the increase in the angle of deflection, rendered 
possible by so much buoyancy, seems to the 
writer to be undesirable if it entails, as it appears 
to do, interference with the elastic perfection 
of the quartz fibre, and unnecessary if optical 
means of observation have not been pushed 
to the furthest limit of accuracy possible. 

§ (3) Temperature Variations. — Poynting 
and Grey 3 have made use of a torsion balance 
somewhat on the lines of that used by the 
present writer, in which an attempt was made 
to detect, if it existed, any variation of the 
gravitation due to the direction of the axis of 
crystallisation in balls of quartz. For this 
purpose the larger fixed balls were kept in 
rotation so as to turn, synchronously with the 
period of the lever. If then there were any 
variation a swing would slowly bo developed, 
but none was detected, and these observers 
concluded that there can be no variation of 
as much as r0 J- f)W of the whole attraction. 

Dr. P. E. Shaw 4 has made an attempt to 
connect the value of G with the temperature 
of the larger body, from which, if such a 
connection were definitely established, the 
relative masses of the sun and the planets, 
derived from the periodic times of the planets 
round the sun and of the satellites round their 
primaries in the usual way, would not bo 
correctly deduced. Dr. Shaw used an ap- 
paratus based upon the general design of 
the present writer, but so arranged that the 
large masses could bo heated and cooled so far 
as possible without disturbance of the delicate 
suspension. In these experiments Dr. Shaw 
believed he found a temperature coefficient 
of + 1-2 x 10- 5 per degree centigrade, corrected 
in the later paper to + 1-3 x lb- 8 . This is a 
matter of such profound importance that its 
reality can only be accepted on the clearest 
proof. In no other way does gravity show 
any regard to any kind of interference, as do 
the other physical agencies, and it is not 
surprising that in more carefully conducted 
experiments 5 Dr. Shaw has failed to detect 
oven this small effect, but is now satisfied 
that any temperature coefficient, if it exists, 
cannot exceed 2x10"° per 1° G. ; thus the 

3 Rov. Roe. Phil. Trans., 1899, cxcii. 

4 IMhi., 1916, and Phys. Roe. Proc., 1910-17. 

6 Itoy. Soc., Abstract at Meeting, March 23, 1922. 
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conclusion that there is such a temperature 
coefficient can hardly be accepted 

It should be mentioned, however, that 
Professor Hicks 1 found that the results of 
Baily arranged in order of temperature gave 
a small steady fall of A, i.e. rise of G, with an 
increasing temperature. 

§ (4) Thu Horizontal, Balance Beam. 
(i.) Von Jolly . — The earliest of the experi- 
ments with a horizontal balance beam resting 
on knife-edges was made by Von Jolly 2 in 
1878. He set up a balance in a tower in the 
University of Munich, from the arms of 
which he suspended two balls, each 5 kilo- 
grammes in weight. These could be hung 
either directly under the balance or 20 metres 
lower down. If the ball on one side were in 
the high position and that on the other in the 
low, or if either ball were shifted from one 
position to the other, the change in distance of 
20 metres from the centre of the earth made 
a marked difference an its apparent weight. 
The observed change of 29*967 milligrammes 
differed from the calculated amount of 33*05 
milligrammes, and this was attributed to local 
high ground. Then a ball of lead 1 metre 
in diameter and weighing 5*772 tonnes was 
built up under one of the halls in the lower 
position. The increased apparent weight due 
to this was *589 milligramme. Great difficulty 
was experienced from convection currents, 
and much trouble was taken to reduce these. 
Even so, observations w^ere only possible 
when the outside temperature was fairly 
uniform. The result was : 

A = 5*692, or G = 6465x 1(P 8 . 

(ii.) Richarz . — Richarz and Krigar-Menzel 3 
used a similar balance to the last except that 
the high and low positions of the suspended 
balls, each of nearly 1 kilogramme, was a little 
over 2 metres only. After the effect of 
changing the two balls in position, one up 
and the other down, had been determined, 
this being 1-2453 milligramme, a cubical 
block of lead of 100 tonnes was built up in 
the space between the two positions, with 
fine passages for the suspending wires. After 
the block was in position the effect on the 
change of weight was more than sufficient to 
counteract the increased attraction of the 
earth on the lower ball, and —*1211 milli- 
gramme was observed. The arithmetical sum 
of these two figures, 1*3664 milligramme, is 
therefore the effect of the lead block, and 
this is four times its attraction on any one of 
the balls. The result calculated from very 
many experiments was : 

A = 5*505, G = 6*684. 

1 Cambridge Phil . Soc. Proc 1884, v. 2. 

a Abh. d. k. Bayer. Alsad. d. Wiss. 14 Bel. 2 Abth., 
and Wiedemann’s Ann 1881, xiv. 

3 Sitz. der Bert. Akad 1884, and Wied. Ann., 
1885, xxiv. 


The apparatus was set up in an earth-covered 
casemate in the citadel of Spandau. 

(iii.) Poynting . — Professor Poynting 6 used 
the “ common balance 55 with remarkable 
success in his well-known experiments, made 
in the basement of Mason’s College, Birming- 
ham. A very fine Oertling bullion balance 
was carried on girders, and below it on the 
floor was a heavy turn-table. From the 
arms of the balance were suspended balls of 
21£ kilogrammes (each about), and on the 
turn-table a ball weighing 153| kilogrammes 
(about) was so supported that it could be 
brought directly under either one of the 
suspended balls. Most refined means of ob- 
serving the balance from a room overhead 
were provided, and of course all the distances 
were capable of exact measurement. When 
the experiment was made certain anomalies 
appeared, which were ultimately traced to 
the effect of moving so great a weight as 153 
kilogrammes through a distance of metre. 
This had the effect of bending the ground and 
tilting the whole building, and with it the 
girders and balance case, and thus, even if 
the beam had not moved at all, relatively 
to the building it would have done so, and a 
spurious deflection would have been observed. 
This difficulty was remedied by extending the 
turn-table and making it carry a smaller 
weight of 76 1 kilogrammes, which, therefore, 
was far enough away from the other suspended 
ball, and sufficiently oblique in the direction 
of its attraction to produce a relatively small 
counter effect, which, however, was allowed for. 
The result obtained was : 

A = 5-4934, G = 6-6984 x 10~ 8 . 

Wilsing 6 employed a metronome form of 
balance with a beam 1 metre long, carrying 
at its two ends brass spheres, each of 540 
grammes, or lead spheres of 745 grammes, and 
a central knife-edge. The attracting masses 
were cast-iron cylinders, each weighing 325 
kilogrammes, suspended by a wire rope passing 
over an overhead pulley. These were so 
arranged that one cylinder was opposite the 
upper ball on. one side while the other was 
opposite the other ball on the other side. 
Then on turning the pulley the cylinders 
came into position to reverse the previous 
effect, and so the total change represented 
four times the attraction of one cylinder on 
one ball. Wilsing’s final result was: 

A = 5-579, G = 6-596 x HP 8 . 

All methods of finding A or G which 
depend upon a balance moving in a vertical 
plane suffer very much from inevitable 
convection currents and from expansion of 

4 Roy . Soc. Phil . Trans. A, 1891, clxxxii. 

6 Publ . Astr . Phys. Observ. Potsdam, 23, vi 3. 
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the arms of the balance. The knife-edge, 
wonderfully perfect as it is, is, however, also 
a disturbing factor. Then again the settle- 
ment of dust on the moving parts may give 
rise to slow progressive changes. From these 
disturbances the torsion balance is almost 
perfectly free so that it is certainly preferable. 
Still, in determining the value of a constant 
of such importance every method should be 
employed, and if a “ common balance ” is 
ever used again it is likely that the superlative 
micro-balance, shown at a meeting of the 
Physical Society in 1920 1 by Dr. Pettersson, 
would be the best form. In this the balance 
beam is made of fused quartz, and it is sus- 
pended by quartz fibres, as also are the weights 
from its ends. Such a beam and weights in 
a vacuous case would be free from friction, 
expansion of arms, convection currents, and 
deposition of dust, and, as Dr. Pettersson 
has shown, it can be made with a very small 
degree of stability. Very large weights could 
be employed as attracting weights. While this 
is possible, it does not seem to be within the 
bounds of possibility to obtain a period 
comparable in length with that easily attained 
by torsional methods, and in the writer’s 
opinion an apparatus on the lines of his own, 
but on a larger scale so as to reduce the damping 
effects of the viscosity of the air, would be 
most likely to give improved results. If it 
were possible to employ a vacuum also it 
would be an advantage. The prior deter- 
mination of the rigidity of the fibre — or prior 
and subsequent — by the method of Burgess 
would eliminate the difficulties attached to 
the method of vibration of the actual suspen- 
sion used for the deflections, and the combina- 
tion of this with the Boys general design and 
the Braun vacuum, if possible, seems now to 
offer the best chance of obtaining increased 
accuracy. 

§ (5) Summary of Results. 2 — 


Methods using Part or the Earth 


Date. 

Name. 


Place. 

A. 

1749. 

Bouguer 


Chimborazo 

? 

1775. 

Mnskelyno and) 
Hutton / 

Schiehallion 

4*71, 4*45 

1821. 

Carlini 


Mont Genie 

/" 4*77, 4*95 
) 4*84 

1854. 

Airy 


Harton Colliery 

6*57, 5*48 

1855. 

James and 
Clarke 

} 

Arthur’s Seat 

5*32 

1865. 

Peehmann 

Ceroid 

6*13 

1880. 

Mendenhall 


Fujiyama 

5*77 

1883. 

Von Sterneck 


Pribram 

4*77 

1885. 

Von Sterneek 


Freiberg 

6*77 

1887, 

Preston 


Haleakala 

5*57 

1892. 

Preston 


Maunakea 

5*13 


1 Pints. Soc. Proa., xxxii. 

* The Mean Density of the Earth, Poynting, and 
Physical Review, 1902, 14. 


Torsion Balance 


1798. 

Cavendish 

5*45 

1837. 

Reich 

5*49 

1852. 

Reich 

5*583 

1843. 

Baily 

f 5*67 
* \ 5*55 

1878. 

Cornu and Bailie .... 

/ 5*50 
* ^5*56 

1895. 

Boys 

5*527 

1896. 

Braun 

5*527 

1896. 

Eotvos 

5*53 

1901. 

Burgess 

Chemical. Balance 

5*55 

1881. 

Von Jolly 

5*692 

1891. 

Poynting 

5*493 

1898. 

Rickarz and Krigar-Menzel 

Metronome Balance 

5*505 

1889. 

Wilsing 

5*55 


Burgess, after considering all that had been 
done up to 1902, concluded that 5-5247 ± *0013 
most nearly represented the value of A and 
6*6607 x LO -8 the value of G. o v -r 


Earth, Radiation of the : 

Equivalent temperature of. See “ Radia- 
tion,” § (4) (i.). 

Measurement of. See ibid. § (3) (iii.). 
Wave-length of maximum, energy of. See 
ibid. § (2) (ii.). 

Earthquakes, Knott’s Theoretical Work 
on, tabulated results of. See “ Earth- 
quakes and Earthquake Waves,” § (8). 

EARTHQUAKES AND EARTHQUAKE 
WAVES 

§ (1) Measurement oe Earthquakes: Seis- 
mology. — In ordinary language an earthquake 
is any sudden palpable movement of the 
ground, occasioning at times great havoc and 
destruction. The origin of the shock is un- 
doubtedly underneath the surface ; and its 
existence implies an overstraining of the 
material composing what is generally known 
as the crust of the earth. The word “ crust ” 
has survived the theory which suggested the 
term ; for it is doubtful if in these days any 
one who has given real thought to the subject 
believes that the earth consists of a liquid 
interior covered by a solid shell or crust. 
The word is convenient, however, when it is 
used to indicate the heterogeneous surface 
layer of the earth which is more or less in a 
state of stress and strain. 

In scientific language the earthquake is of 
much wider significance. It not only includes 
the shakings which are felt by mankind, but 
also those far - spreading impalpable tremors 
which, by means of delicate instruments, can be 
detected and measured far beyond the region 
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where the shock is felt. It was the gradual 
evolution of the seismograph and seismometer 
as delicate instruments for automatically 
recording these unfelt tremors which created 
the modem science of seismology. 

§ (2) Miexe Seismogkaph. — As early as 
1883, Professor John Milne, then resident in 
Japan, predicted that “ every large earthquake 
might be with proper appliances recorded at 
any point on the land surface of the globe. 5 ’ 
Six years later a record obtained at Potsdam 
on a very delicate horizontal pendulum, which 
Von Rebeur Paschwitz had set up for measur- 
ing the gravitation action of the moon, was 
identified with an earthquake whose origin 
lay near Japan. This observation marked a 
new era in the development of the science of 
earthquakes, and in this development no one 
took a greater share than John Milne, the 
pioneer of modern seismology. His annual 
reports to the British Association on Earth- 
quake Phenomena in Japan from 1881 to 
1895, followed by his Reports on Seismological 
Investigation from 1893 to his death in 1913, 
give in rugged detail the stages through which 
knowledge widened and deepened and specula- 
tion ripened into theory. 

In 1895 Milne left Japan and established 
his own seismological observatory at Shide 
in the Isle of Wight, and in 1897 he was able, 
through the agency of the Seismological 
Committee of the British Association and with 
the help of the Foreign and Colonial Offices, to 
inaugurate a scheme whereby a special type 
of instrument was installed in many localities 
all over the globe. The observatory at Shide 
became the central office of a world-wide 
seismic survey ; and by 1901 the main facts 
regarding the propagation through and round 
the earth of earthquake tremors were estab- 
lished, mainly through the labours of Milne 
himself. 

No seismometer 1 has been constructed which 
can give a measurable record of the whole 
displacement of the ground. The seismologist 
is compelled to use at least three instruments, 
each of which gives on a moving sheet of 
paper as a time graph one component only 
of the displacement — or of the velocity in 
the case of the Galitzin instruments. Two of 
these are generally of the type known as the 
horizontal pendulum, indicating two compo- 
nents of the horizontal displacement, generally 
in directions north-south and east-west re- 
spectively. The third is designed so as to 
indicate the vertical displacement. Unfortu- 
nately the great majority of stations are, still 
provided with instruments which measure the 
horizontal components only. 

§ (3) Seismograph Records. — Records ob- 
tained on delicate seismographs at stations 
far distant from the epicentre of a strong 
1 Bee “ Seismometry.” 


earthquake have an unmistakable character- 
istic appearance. This had to some extent 
been already recognised on records obtained on 
the less sensitive forms of seismograph de- 
signed for recording palpable movements of 
the ground in earthquake countries like 
Japan. There had been seen on these what 
Milne called preliminary tremors followed by 
the large movements constituting the main 
shock. These tremors were in the early days 
ascribed to elastic compressional vibrations 
(like sound waves in air) running ahead of 
vibratory waves of slower transmission. 

Now in the ordinary theory of elastic 
vibrations in extended isotropic solid bodies 
two types of vibration had long been recognised 
as transmissible through the substance with 
different speeds of propagation. These may 
be distinguished as the Compressional Wave 
and the Distortional Wave, sometimes also 
called the longitudinal and transverse waves 
in recognition of the fact that the vibrations 
in the compressional wave take place mainly 
in the direction of propagation of the wave, 
whereas in the distortional wave the vibrations 
take place in the wave -front perpendicular to 
the direction of propagation. The speed of 
propagation depends in each case upon a 
definite elastic modulus and the density of 
the material. More exactly, the squares of 
the speeds of propagation of the compressional 
and distortional waves are given respectively 
by the expressions 

Jfc + 4»/3 ^ 

~T~ an p 9 

where Jc is the incompressibility or resistance 
to compression, n the rigidity or resistance to 
shear, and p the density of the material. 

When the characteristic form of earthquake 
records as consisting of preliminary tremors 
and large waves was recognised, the explana- 
tion which first suggested itself was that the 
preliminary tremors were the compressional 
waves, and the more slowly following movement 
the distortional waves. But Milne’s early 
studies of distant earthquake records 2 brought 
out the interesting result that although the 
large waves were transmitted from the earth- 
quake origin to various distant stations in 
times which were nearly proportional to the 
arcual distances of these stations from the 
, epicentre, this was obviously not true of the 
first preliminary tremors. In 1901, R. D. 
Oldham pointed out that the preliminary 
tremor could be separated into two distinct 
parts, which he distinguished as the first and 
second preliminary tremors. These are now 
called the Primary and Secondary Waves, 
and are symbolised by the letters P and S. 
On every good seismogram they are clearly 
recognised (see Fig . 1). 

2 See B.A. Report for 1900. 
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§ (4) The Primary and Secondary Waves. 
— Thus a satisfactory seismogram obtained on 
a delicate instrument at a distance from the 
origin of the shock consists of a prolonged 
series of complicated oscillations traced upon 
a moving strip of paper, and giving, therefore, 
the time graph of a component of the displace- 
ment of the ground ; but in spite of the 
complexity of the graph the practised eye 
recognises three markedly distinct portions. 
The primary waves P enter with sharp rapid 
vibrations, on which after a certain interval 
there is superposed with similar abrupt be- 
ginning the secondary waves S. The abrupt 
rapid character of the graph gradually changes 
as time goes on, until the large maximum 


wave portion of the seismogram ; and later 
investigations have fully established Milne’s 
early conclusion that they pass round the 
earth with a definite velocity. An exact 
determination of this velocity is difficult, 
owing to the uncertainty in identifying the 
same maximum phase in seismogx*ams obtained 
at different stations. With very large earth- 
quakes, however, it has been found possible 
to observe on the same seismogram a second 
succession of long-period waves reaching the 
station after passing through the antipodes 
of the epicentre. Prom such an observation 
Galitzin estimated the surface velocity of the 
long waves at 3-53 kilometres (2-2 miles) per 
second. 


Horizontal N-S and E-W 




Fig. 1. — Reduced, by kind permission of the Meteorological Office (Air Ministry), from seismograms of 
the earthquake of December 21, 1917, as given by the Galitzin instruments at Eskdalemuir Observatory. 
The full line record gives the N-S component, the dotted record the E-W. I. marks the advent of the 
Primary, II. of the Secondary Waves, nearly nine minutes later. The part shown in each record is a 
limited portion of the whole, each successive line being about thirty minutes later than the similar line 
immediately above it. In these later portions the oscillatory nature of the long waves is clearly indicated 
in botli the Horizontal and Vertical records. 


movement is reached which is characterised 
by smoother oscillations of distinctly longer 
period and greater amplitude. After the 
maximum movement has been reached the 
disturbance gradually dies away, lasting in 
many cases for several hours. 

It is now universally admitted that the 
beginning of the primary waves marks the 
advent of the compressional wave coming from 
the origin of the disturbance. The sudden 
appearance of the secondary wave marks the 
advent of the distortional wave. The earth- 
quake shock has meanwhile set the whole 
region into vibrations, so that the surface 
at the epicentre is thrown into more or less 
violent movements which pass outwards in 
all directions over the surface of the earth. 
These surface waves form the long-period 


In his earliest endeavours to locate earth- 
quake origins from the seismographic record, 
Milne made use of the interval of time by 
which the first preliminary tremors outran 
the long-period waves ; 1 but after the exist- 
ence of the secondary waves was recognised 
he was able to substitute for the compara- 
tively vague advent of the maximum long- 
period waves the more clearly marked instant 
at which • the secondary waves made their 
appearance. With the improvement of instru- 
mental records and the steady accumulation 
of observations from all over the globe, the 
time graphs as originally constructed by 
Oldham (1901) and Milne 3 underwent gradual 
corrections ; and, in 1907, Wiechert and 
Zoppritz, from a careful discussion of a 
1 B.A. Reports , 1898. a Ibid ., 1902. 
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number of well - defined earthquakes, con- 
structed a set of time graphs ■which have 
served as the basis for all important work 
since then. The following table and diagram 
[Fig. 2) will suffice to indicate the general 
character of the data. Distances from the 
epicentre are given in degrees of arc, and 
the average times of arrival of the primary, 
secondary, and long-period waves measured 
from the time of occurrence of the epicentral 
shock are given in minutes. 


Arcual 

Distance. 

Times of Transit in Minutes of 

Difference 

Times. 

S-P- 

Primary. 

P. 

Secondary. 

S. 

Long-period. 

Xi. 

15 ° 

3-65 

6-53 

7 ’9 

2*88 

30 

6-47 

11-57 

15*7 

5*10 

45 

8-65 

15*25 

23-6 

6-60 

60 

10-20 

18*38 

31 5 

8*18 

75 

11-82 

21-43 

39*4 

9*61 

90 

13-27 

24*23 

47-2 

10*97 

105 

14-57 

26-70 

55*1 

12*13 

120 

15-70 

28*82 

63 0 

13-12 


The times for X, the long-period wave of 
maximum amplitude, are calculated from 
Galitzin’s estimate of their velocity round 

the earth. They have 
been traced to much 
farther distances than 
the highest value tabu- 
lated here ; but the 
primary and secondary 
waves have not been 
clearly discriminated in 
records obtained at 
distances greater than 
about 120°. These 
numbers are averages ; and it is certain that 
the data derived from the seismograms pro- 
duced by any particular earthquake would 
frequently deviate from the means by as much 
as a tenth of a minute. 

§ (5) Locating an Earthquake. — When a 
good record is obtained at any station the 
interval of time (S - P) between the advents 
of the primary and secondary waves is im- 
mediately measurable, and the approximate 
distance of the epicentre deduced by reference 
to an extended table of the ldnd just given. 
The earthquake origin is therefore situated 
close to the circle drawn on the earth’s surface 
with its centre at the observer’s station and 
the arcual radius deduced as above. The 
whole process was very simply carried out 
by Milne by means of a globe and a closely 
fitting arc with the degrees and corresponding 
times marked on it. By laying this arc with 
its one end at the Isle of Wight and sweeping 
it round in close contact with the globe, be 
saw at a glance the various possible positions 
of the epicentre as being those points on the 


globe which, lay at the observed time-distance 
along the are. .For most purposes this rapid 
method is sufficiently accurate, but when 
greater accuracy is required the necessary 
calculations must be carried out by means of 
spherical trigonometry. 

If the station is provided with two seismo- 
graphs, one giving the north— south component 
and the other the east— west component of the 
horizontal displacement, and if the initial 
stage of the primary wave is well marked on 
both, it may be possible to calculate the 
azimuth of the motion, that is, the position 
of the vertical plane containing the first 
longitudinal displacement. If this plane 
coincides with the plane containing the 
epicentre and the ray, the epicentre will 
lie on either of the two points of intersection 
of the plane with the circle already supposed 
drawn on the earth’s surface. This method 
was first applied with success by Galitsin, 
whose perfected forms of seismograph provided 
records capable of being interpreted in this 
way. The simultaneous record of the vertical 
motion seismograph may then enable the 
observer to fix definitely which of the two 
possible points of intersection just mentioned 
is the epicentre. This ideal interpretation of 
the three simultaneous records obtained at 
any one locality is in most cases rendered 
nugatory by the imperfections of the instru- 
mental records, or the disturbing effect of the 
so-called tremors, whose presence on the 
seismograph frequently masks the first appear- 
ance of the primary waves, or the influence of 
the heterogeneity of the crust of the earth 
in throwing the displacement out of the 
azimuthal plane of the issuing ray. 

When Galitzin’s method is not applicable 
recourse must be had to the method used so 
effectively by Milne iu localising earthquake 
origins over the earth’s surface. Any one 
seismogram showing clearly the advents of 
the primary and secondary waves determines 
one circle on the earth on which the epicentre 
must lie. The seismographic record of the 
same earthquake obtained at a second station 
will give another circle passing through the 
epicentre. These will intersect in two points, 
one of which must be near the epicentre. 
The record from a third station will provide a 
third circle, also passing near the epicentre, 
which will then he determined as the approxi- 
mate meeting-point of these three circles. 

This is the one universal method of deter- 
mining all kinds of earthquake origins, and 
the only way of determining those which lie 
below the bed of the ocean. In the B.A. 
Reports from 1900 to 1913, Milne, working 
along these lines, has chronicled an. immense 
amount of detail regarding earthquake origins 
and the main localities in which they are 
distributed. 
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§ (6) Waves on an Elastic Solid. — In 
1885 Lord Rayleigh showed that, at the 
plane boundary of an otherwise infinite 
elastic isotropic solid, surface waves of a 
peculiar type would exist, having a speed of 
propagation somewhat less than that of the 
distortional wave, and having the normal 
displacement at the surface about a half 
greater than the displacement parallel to the 
surface. The latter penetrates only a short 
distance downwards into the substance, 
practically disappearing for the case in which 
Poisson’s ratio is one-quarter at a depth of 
one-sixth of a wave-length. Now the long- 
period earthquake surface waves travel with 
a speed of 3*53 kilometres per second, and 
their period varies between 10 and 20 seconds. 
The wave - lengths corresponding to these 
periods are 35*3 and 70*6 kilometres respect- 
ively- If the long-period waves were pure 
Rayleigh waves started by the disturbance 
at the epicentre, the component displacement 
parallel to the surface would vanish at a 
depth of from 6 to 12 kilometres. There is 
no doubt, however, that actually in any 
earthquake there will be displacements parallel 
to the surface at much greater depths ; and, 
moreover, observation shows that the tan- 
gential displacements associated with surface 
vibrations due to earthquakes are much 
greater than the normal or vertical displace- 
ments. Rayleigh waves are no doubt present, 
but they are intermingled with body waves 
passing directly from the earthquake origin, 
or from the ©picentral region. In general 
those body waves, which are represented by 
the primary and secondary waves of the 
seismogram impinging internally on the 
surface of the earth, or on the surface which 
separates the more homogeneous nucleus 
from the heterogeneous crust, will each start 
the three types of secondary waves, namely, 
reflected waves of the compressional and 
distortional types, and surface waves of the 
Rayleigh type. When we further bear in 
mind that the original disturbance cannot 
be strictly instantaneous, but must have 
extended over a finite and measurable interval, 
there is no difficulty in accounting in a general 
way for the continued and complex vibrations 
which are propagated through and. round the 
earth as the result of a cataclysmic disturbance 
occurring in the earth’s crust. 

The remarkable thing is that in passing 
from the homogeneous nucleus to the hetero- 
geneous crust the primary and second- 
ary waves should to such a degree preserve 
their characteristic and distinctive properties. 
These facts seem to indicate that the hetero- 
geneous crust is of comparatively small 
thickness, and that further information of 
the interior of the earth is to be derived 
from a study of the transmission of the 


compressional and distortional waves which 
crop out at the surface as the primary and 
secondary tremors. The data are the times 
of transit of each of these types of wave 
motion to given distances from the epicentre 
of the earthquake shock. The problem is 
to find the paths or rays by which each type 
passes and the velocities of propagation at 
different depths in the earth. 

§ (7) Waves in the Interior of the 
Earth. — The times of transit show that the 
waves are not transmitted along the surface. 
They are transmitted through the earth by 
brachistochronic paths in accordance with 
the recognised principles of wave - motion. 
R. von Kovesligethy 1 and M. P. Rudzki 2 
were among the first to form definitely the 
brachistochronic equations suitable to elastic 
waves passing through the earth from a source 
of disturbance close to the surface on the 
assumption that the speed of propagation 
was a function of the distance from the 
earth’s centre. To get an integrable form, 
the Hungarian mathematician virtually as- 
sumed that the elastic moduli were constant 
throughout and that the speed of the ■wave 
at any point depended only on the density. 
Rudzki was content to give the mathematical 
theory without any practical application to 
the problem of earthquakes. At that time, 
indeed, the data of observation were too 
scanty to permit of any accurate discussion. 

Let the earth’s radixis be taken as unity, 
the centre of the earth as origin, and the 
radius passing through the epicentre as axis 
of reference, then it is found by the usual 
brachistochronic methods that the polar 
co-ordinates r , B are connected by the 
equation 

r dr . 

0 = + p 1 —y====~ 4* constant, . ( 1 ) 

where v, the speed of propagation at position 
r, is measured in terms of the unit earth- 
radius per minute,” and where p is a time- 
parameter which is constant for each given ray 
but varies as we pass from ray to ray. The 
value of p for the ray which emerges at 
areual distance a from the epicentre is equal 
to dT /da, where T is the observed time of 
transit. This time-parameter p which defines 
the ray is therefore known from the data of 
observation ; but, since its values depend on 
the first differences of the times of transit 
from point to point, they must be subject 
to greater uncertainties than are the original 
time determinations. 

In the above expression the value of v as a 
function of r is quite unknown, and therefore 
no direct evaluation of the integral is possible. 

1 Math. u. Naturw. BericMe aus Unqarn, 1307 xiii. 

2 GerlancTs BeitMge zur QeopJiysik , 18 98, iii. 
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Tentative solutions may, however, be obtained 
in a variety of ways. Thus Benndorf, 1 by a geo- 
metrical synthetic method, worked out a law con- 
necting speed of propagation with depth, starting 
from the angles of emergence as measured by 
Schliiter. In a paper communicated to the Royal 
Society of Edinburgh, Knott 2 showed that with 
v* =V 2 (1 — q r 2 ) through the surface shell from 

1 tor ^ 0*9, and with the speed continuing con- 
stant to all lower depths, a solution could be obtained 
in fair agreement with the data of observation. 
This paper also contained a method for estimating 
the law of distribution of seismic energy over the 
surface of the earth due to a single earthquake. 

To the same category of tentative solutions belongs 
the method described and graphically worked out 
by E. Wiechert in the first of a series of important 
memoirs which appeared in the Nachrichten von der 
Iconiglichen Oesellschaft der W issenschaften zu Gottingen 
between the years 1907 and 1914. In Memoir I. 
Wiechert gives a full discussion of recognised elastic 
theory in a form suitable for seismological applica- 
tions, and draws attention to the phenomena of the 
reflected waves at the earth’s surface (see § (10)). 
A solution of the brachistochronic equation is ob- 
tained by supposing the earth to consist of a cen- 
tral core of constant velocity of wave propaga- 
tion surrounded by two spherical concentric layers 
within each of which the rays have constant 
curvature. This is equivalent to supposing that, 
a and b being constant in each layer, but varying 
from layer to layer, the speed of propagation 
v can be expressed in the form v—a-\ ~br 2 . The 
solution is carried out by an elegant geometrical 
method. In Memoir II. which formed the second 
part of the whole paper, Zoeppritz worked out the 
time graphs afresh from the best available material ; 
and his tables have formed the foundation of all later 
seismological work. 

Already in 1907, however, G. Herglotz 3 had shown 
that the equation belonged to a type of integral 
equation which had been solved by Abel. The 
transformation leads to an equation which Wiechert 
and his coadjutors made use of in the third and 
following memoirs referred to above, though not to 
its full extent. 

More recently, however, a complete solution has 
been obtained by direct numerical calculation based 
only on the data of observation, without any 
assumption of a relation between v and r* or 
use of any indirect method leading to such a 
relation. 4 

Returning to equation (1) integrate half along the 
ray from r = 1 to r=^z, and 0 =0 to d—a/2 ; and there 
results 



Now p is given as a tabulated function of a/2 ; and 
we may suppose the relation inverted and a/2 given 
as a tabulated function of p, say a/2 =f(p). By the 

1 See Mitt . d . Brdbeben-Kommission d. Kais. Alcad . 
d. Wissensch. in Wien, 1906, xxix. 

2 See Proc . JR.S.JiJ., 1907—8, xxviii. 

3 Physihalische Zeitschrift, viii. 145 ; also subse- 
quently pointed out by H. Bateman, Phil . Mag., 
April 1910. 

4 See Knott, " Propagation of Earthquake Waves 
through the Earth,” Proc . Boy. Soc . JEJdin 1918-19. 


substitution rj =*rlv equation (2) may be put in the 
form 


f(p)=p 


drf 


\,-r) 2 - 




dr) 


(log r) 


( 2 ') 


an integral equation of the type solved by Abel, 
V being the value of v at the surface r = l. The 
required solution is 


log r = — 


2 f v fip )dp , 

7r Jrj f s/p* — '> 7 2 


(3) 


in which p has become the variable and the known 
function /(p) is under the integral sign. The solution 
may now be effected by quadratures, thus : (1) 

Tabulate the values of f(p) for a series of sufficiently 
close descending values of p at equal intervals dp . 
(2) Choose any one for the lower limit value rj, and 
tabulate the values of sj(p*~ rj 2 ) corresponding to 
the successive values of p . (3) Calculate the value 

of the expression under the integral sign for every 
value of p from r\ to the highest value. This gives 
the logarithm of the distance (r) of the mid point 
or vertex of the ray for which the parameter p has 
the chosen value r). Thus tj and the corresponding 
r are known, and v = r/7) is the speed of propagation 
of the wave at the distance r from the centre of the 
earth. Also to every 77 there corresponds an arcual 
distance a giving the limits of the ray whose vertex 
is at distance r from the centre of the earth. 

§ (8) CAEOTJEATIOlSrS OE VELOCITIES AND 
Rays. — T he following table gives a few of 
the corresponding sets of values of rj (or p), 
a, r, R, and v 9 R being the distance in kilo- 
metres from the earth’s centre, and r tlie 
corresponding value in fractions of the earth’s 
radius : 



Parameter 
of Ray. 

X renal 
Range of 
Ray. 

Distance of Vertex 
of Ray. 

Speod of 
Wave at 
this 

Distance, 
km. /soc. 
V. 

v\ or p. 

CL. 

7\ 

R. 

1 

f 

888 

0° 

1 

6378 

718 

d 


774 

13*4 

0*971 

6194 

8-00 

§ 

b- 


544 

30-0 

•880 

5612 

10-32 



430 

43*0 

*802 

5115 

11-90 

i 1 1 


372 

53*0 

■752 

4794 

12-89 

S 

*rl 


355 

74-0 

•741 

4534 

12-77 

PH 


315 

95*0 

•634 

4044 

12*84 


V 

258 

122*0 

•512 

3268 

12-67 


/ 

1604 

0 

1 

6378 

3-98 

1 


1375 

13*7 

0-969 

6183 

4-50 



974 

30*6 

•881 

5618 

5-77 

t? 4 


802 

40*0 

•818 

5216 

6-50 

§ 

TJ 


716 

53*4 

•773 

4929 

6*88 

§ 


688 

71*0 

•739 

4716 

6-85 

8 


573 

97*0 

•614 

3920 

6*84 

02 


458 

117-0 

•492 

3139 

6-85 


The corresponding graphs giving v in terms 
of R are shown in Fig . 3. 

The following empirical linear relations 
worked out by least squares for the tabulated 
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values give results for v in terms of the depth 
(D = 6378~ R) well within the errors of obser- 
vation : 


Speed in Terms of 

Between Limits of Depth 

Depth. 

Equal to 

7*27 +0-0040 D 

128 and 668 Primary 

7*86 +0*0032 D 

758 and 1588 j wave 

4*1 +0-00208 D 

78 and 678 ^ Secondary 

4*39+0*00181 I) 

758 and 1338 j wave 


In accordance with equation (1) the path 
or ray depends on the integral 

f dr __ r dr 

^ r sj r-/v* —p 1 r s/rj* — jp 2 

The radius r having been obtained as a 
tabulated function of tj, the latter may be 
obtained as a function of r tabulated for 



Distance from Earth’s coot re 
In thou$cxnct~kffometres 


Fio. 3. 


successive equal increments dr. Choosing any 
value of v as the value p for the lower limit, 
wo may work out by a process exactly similar 
to that already used, successive points on the 
ray defined by the chosen value of p. The 


forms of the rays for the primary waves and 
the wave fronts for the primary and secondary 
waves. The secondary rays are not entered 
on the figure. They differ so slightly from the 



primary rays that their presence would have 
caused unnecessary confusion. The following 
condensed table gives the more important 
constants of the several rays for which the 
calculations were completely carried out. The 
quantities tabulated are : «-/>, initial and final 
inclination of ray to the normal or radius ; 
r 0 , distance of vertex of ray from the centre 
of the earth ; a, arc between epicentre and 
outcrop of ray on earth’s surface ; T, time of 
transit in minutes. In Fig. 4, the isochronio 
lines are numbered in seconds. 


Hays of CompreHsional or Primary Waves. 


Hays of Distortion?!! or Secondary Waves. 

</.. 

u. 

a. 

T. 


</>. 


a . 

T. 

48° 41/ 


19° 25' 

4*5 

i. 





42 32 

•905 

26 29 

5*9 

ii. 

42° 31/ 

0*905 

25° 37' 

10-2 

30 18 

•815 

40 57 

8-0 

in. 

29 40 

*815 

41 4 

14*3 

■26 39 

*77 

47 56 

8-9 

IV. 

26 23 

•77 

54 9 

17-2 

24 38 

•745 

57 40 

9*9 

V. 

. . 

. . 

. . 

. • 

24 18 


65 32 

10*8 

VI. 

. . 

• • 

• » 

. • 

24 3 

•725 

73 51 

11*7 

VII. 

24 54 

*725 

76 27 

21*7 

20 55 

•635 

91 36 

13*4 

VIII 

21 39 

*635 

92 31 

24*9 

18 1 

•545 

1 12 26 

15*2 

IX. 

18 30 

•545 

1 10 20 

27*6 

15 

•455 

120 8 

15*9 

X. 

15 28 

•455 

124 44 

29*7 


values will be found in the paper referred to. 1 
It will suffice here to reproduce in Fig. 4 the 
1 Proc. R.S.E. xxxix. 199-207. 


The times are worked out by a similar 
process of quadratures. 

Comparison among the corresponding num- 
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bers for the two types of wave will show how 
slight the differences are. 

§ (9) Conclusions mom the Theoby. — 
As already noted, seismograms obtained at 
stations distant from the epicentre more than 
110° or 120° are difficult of interpretation. 
The advents of the primary and secondary 
waves are not clearly defined, and there is 
great uncertainty in identifying either type. 
The data of observation can therefore give 
no information regarding rays which approach 
the centre of the earth nearer than about 
half the earth’s radius. Down to that depth 
the earth behaves like an elastic solid through 
which the two types of elastic waves pass 
with velocities which steadily increase down 
to a depth equal to about one-third of the 
earth’s radius. At greater depths the speed 
of propagation of each wave tends to become 
nearly constant. 

The curious undulatory character of the 
rays V., VI., VII., VIII., and IX. in the 
diagram shows that just about this depth 
of one-third of the earth’s radius there is a 
tendency for a slight decrease in the velocity 
of propagation at the greater depths. The 
concavity of the ray towards the centre has 
this significance according to the mathematical 
theory oil which the whole investigation is 
based. But, as shown by the almost straight 
line character of the two deeper rays, this 
decrease of speed with increase of depth must 
be very slight. 

The very rapid increase of speed of propaga- 
tion with increase of depth through the first 
1200 miles shows that the elastic constants 
increase more quickly than the density ; 
but that as the critical depth is approached 
the elastic constants begin to slacken off in 
their rates of increase with depth and soon 
change at practically the same rate as the 
density. This general statement is in full 
agreement with previous results. It will be 
observed, however, from the graphs of Fig . 3 
that this slackening off occurs in the distor- 
tional wave at a smaller depth than in the 
case of the compressional wave. Thus at a 
depth equal to 0*30 of the earth’s radius the 
ratio n/p has become steady or is passing 
slowly through a maximum, whereas the ratio 
(A 4* 4n/3)/p is still on the increase and con- 
tinues increasing until the depth 0*36 is 
reached. Thereafter it becomes steady or 
passes slowly through a maximum. Now k 
is just about double the value of n, so that 
any change in n will produce in *+ 4=^/3 a 
much smaller proportional change. The infer- 
ence is that the elastic changes which appear 
at the depths mentioned affect first the 
rigidity and thereafter the incompressibility. 
In other words, the changing constitution of 
the earth’s material at these critical depths 
discloses itself most markedly in that elastic 


characteristic which belongs to solids as dis- 
tinguished from non-rigid substances. 

What seems to be indicated is that the 
central core of the earth is unable to transmit 
the distortions! wave. The transition from 
the elastic solid state to this non-rigid con- 
dition will probably take place gradually ; 
and if during this change viscosity conies 
more and more into play the loss of vibratory 
energy of the elastic type will become more 
pronounced. Did the change from elastic 
shell to non-rigid nucleus take place abruptly 
across a surface of discontinuity a large part 
of the energy would be reflected back into the 
shell and a small fraction only get through 
to the antipodal side. Such considerations 
fall in line with the facts established by 
observation that beyond the arcual distance 
of 110° the seismograms are meagre and diffi- 
cult of interpretation. 

§ (10) The Surface Reflected Waves. — 
The fifth Gottingen memoir on Erdbebenwellen 
is the work of K. Zoeppritz, L. Geiger, and B. 
Gutenberg, and strikes out on a new line of 
investigation. This is described by Zoeppritz 
in an unfinished paper written in 1908 shortly 
before his death, but not published till 1912, 
along with the continuation by Geiger and 
Gutenberg. The weakness of the methods so 
far given lies, as already indicated, in the 
uncertainty in the values of dT/da or p as 
used above. Zoeppritz also pointed out that 
various assumed laws connecting speed and 
depth lead to practically the same time graph, 
and proceeded to inquire if there were no 
other data of observation which could be used 
for investigating more accurately the elastic 
condition of the earth at different depths. 

When an elastic wave of either type falls 
on a surface separating two media of different 
wave-moduli the incident wave gives rise in 
general to four distinct waves, a reflected and 
refracted wave of the same type and a reflected 
and refracted wave of the other type. 1 Thus a 
ray of compressional type impinging on a sur- 
face of discontinuity within the earth will be 
changed partly into rays of distortional type. 
Now the outer surface of the earth, whether 
bounded by water or by air, is a surface of 
discontinuity across which only a small frac- 
tion of the incident energy within the rocky 
substance passes. Most of the energy is in- 
flected back into the earth. When, therefore, 
a primary or P wave radiating out along 
curved rays from an earthquake source 
emerges at a particular point of the surface, 
say at 45° distance from the source, part of it 
will be reflected as a P wave at the same 
inclination to the radius and part will be 


_ Se e “ Deflexion and Refraction of Elastic 

w a v <3* s > ^ Trans. Seismological Society of Japan , 1886, 
and PhU. Mag., July 1899 ; also the greater part of 
Memoir I. by Wiechert, Nachrichten d . i£. Qes . d . Witts. 
Gottingen, 1907. 
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reflected as a distortional wave at a less angle 
to the radius. The reflected P wave will 
pass on through another 45° and emerge at 
90° from the source at a time a little later 
than the time taken for the direct wave to 
pass by its path through this longer distance, 
and the S reflected wave will emerge at a still 
further distance. Thus on a well- conditioned 
seismogram obtained at a station not only 
will the advents of the P and S waves be 
distinguishable, but possibly the waves PP 
and SS once reflected from the middle of the 
distance may also be seen somewhat later on 
the seismogram ; and even the twice reflected 
wave PIT, and the alternating reflected 
waves PS, SP, SPS, Wiechert’s Wechselwellen, 
and so on. The recognition of these reflected 
waves and their use in helping to determine 
the distance of the epicentre have increased 
the accuracy in making this determination. 

Now Zoeppritz’s new method for investigat- 
ing the state of the earth’s interior depends 
on the comparison of the amplitudes of the 
direct and the reflected P and S waves as 
shown on one seismogram. We owe to 
Geiger and Gutenberg the working out of 
this method in the fifth, sixth, and seventh 
Gottingen memoirs. For many reasons 
there are discrepancies and inherent diffi- 
culties ; but the evidence leads them to the 
recognition of certain discontinuities within 
the earth situated at definite ascertainable 
depths, discontinuities which might easily 
escape detection by consideration of the time 
graphs alone. The method has also supplied 
a corrected table of the times of transit. 

On the theory as finally presented the earth 
is regarded as consisting of a nucleus of radius 
3500 kilometres enveloped by a shell whose 
constitution alters at three surfaces. 

The G attingen seismologists have added 
greatly to our knowledge of seismology, and 
their memoirs will always rank high in the 
literature of the subject, partly on account 
of the great care taken to utilise the very 
best data of observation, and partly in virtue 
of the mathematical skill brought to bear on 
every branch of the subject. 

The significance and interpretation of these 
reflected waves have also been considered by 
G. W, Walker in a paper communicated to the 
Royal Society of London in 19X7. 1 All the 
necessary details of the amplitudes of the 
various types of reflected wave at different 
angles of incidence of a wave of each type arc 
worked out afresh in accordance with the 
recognised theory of Elasticity ; and the cal- 
culated values of the horizontal and vertical 
components are tabulated and shown graphic- 
ally in a form convenient for use. The times 
of transit of the several types of reflected 

1 “ Surface Reflexion of "Earthquake Waves,” PhiL 
Tram . Series A, 1919, cexviii. 


wave (PP, SS, PS, SP, etc.) and their associated 
surface effects as given by theory are com- 
pared with the corresponding quantities de- 
dueibie from well - conditioned seismograms 
supplied by Galitzin instruments. There is 
fair agreement in some respects but not in 
others. Certain discrepancies in the times of 
transit and in the angles of emergence might 
be removed by suitable correction of the time 
graph, as previously pointed out by the 
Gottingen seismologists. The correction sug- 
gested is to depress the ordinates of the time 
graph, that is, shorten the times of transit for 
distances between 2000 km. and 6000 km. 
(180° and 54° respectively). In the compari- 
sons made by Walker the condensational 
reflected waves show best agreement, and the 
alternating reflected waves worst. Theoretic- 
ally tlxo PS and SP waves reach a given 
o bserving station simultaneously. Otherwise 
they are quite different ; and then interference 
will produce a resultant effect difficult to 
analyse. Walker shows, however, that these 
two simultaneous effects may be separated by 
means of the vertical component, if the angles 
of impingenees are known. He concludes that, 
altho ugh quantitative analysis of reflection 
theory on simple lines has removed a number 
of difficulties that have hitherto attended 
interpretation of seismograms, there are still 
difficulties to resolve. The desideratum is a 
more profound study of the propagation of 
disturbances through the earth, and (in 
particular) of the reflection of waves from a 
variable layer of thickness comparable with 
that of the earth’s crust. 

In a later paper Walker 2 shows how the 
assumption of a deep focus may explain some 
of the difficulties referred to above. 

C. G. K. 


Eocentrolineab. See “ Draughting Devices,” 

p. 270. 

Eddies m the Ant. An eddy is a circular 
motion produced when a fluid flows past an 
obstacle. At the side of a projecting rook 
in a stream, or at a ship’s side, eddies show 
as little whirling dimples on the surface 
of the water. Similar eddies form in the 
atmosphere, the friction at even compara- 
tively Bin ooth ground being sufficient to 
account for their formation. Normally the 
eddies in the atmosphere are invisible, but 
smoke, dust, or leaves will make them 
visible. They are seen to consist of rotary 
motion about an axis, which may be 
horizontal, or vertical, or may bo inclined 
at any angle to the horizontal. Near an 
obstacle the flow of air produces a succession 
of eddies which are formed, detach them- 
selves from the obstacle, move away, and 

* “ The Problem of 'Finite Focal Depth revealed by 

Seismometer,” PhiL Tram . Series A, 1921, eoxxii. 
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finally disintegrate. Air is carried from 
the ground upwards in eddies, checking 
the flow of the upper current by mixing. 
According to G. I. Taylor the size of the 
eddies is determined entirely by the nature 
of the ground, and is unaffected by the 
speed of the wind in which they form, but 
the velocity in the eddies is determined by 
the velocity of the current in which they are 
formed. 

Eddy-diffusion, or “ Diffusivity.” See 
“ Atmosphere, Physics of,” §§ (13), (14). 
Eddy-motion in the Atmosphere : 

Diffusion of heat by. See “ Atmosphere, 
Physics of,” § (13). 

Diffusion of momentum by. See ibid. § (14). 
Equi-partition of energy in. See ibid. § (13). 
Effective Diameter of Screw : definition. 

See “ Metrology,” VII. § (23) (i.). 

Electric Currents in Atmosphere : con- 
tinuous currents. See “ Atmospheric Elec- 
tricity,” § (21). 

Electric Field of the Atmosphere, measure- 
ment of. See “ Atmospheric Electricity,” 
§( 6 ). 

Electric Types of Gas Meter. See “ Meters 
for Measurement of Coal Gas and Air,” § (5). 

Electrometer, The Pocket : an instrument 
depending on the quartz fibre. See “ Radio- 
micrometer,” etc., § (5). 

Elliptical Trammel. See “ Draughting De- 
vices,” p. 270. 

Energy : 

Kinetic : 

Of the general circulation of the atmo- 
sphere. See “ Atmosphere, Thermo- 
dynamics of the,” § (9). 

Of cyclones and anticyclones. See ibid. 
§ (26). 

Thermal, of condensation. See ibid. § (2). 
For energy equations in thermodynamical 
processes. See ibid. IV., V., and VI. 
§§ (18), etc. 

Engineers’ Scales and Gauges. See 
“ Metrology,” VI. § (17). 

Entropy : 

Calculation of, from pressure and tempera- 
ture. See “Atmosphere, Thermodynamics 
of the,” § (19). See also Vol. I. 

Definition of. See ibid. § (19). 


Isentropic equations for dry and saturated 
air. See ibid. §§ (19), (21). 

Entropy, Realised : 

Calculation of, from pressure and tempera- 
ture. See “ Atmosphere, Thermodyn- 
amics of the,” § (6). 

Definition of. See ibid. § (6). 

Distribution of, in the upper air over the 
globe. See ibid. § (6), Fig. 9. 

Distribution of, in high and low pressure. 

See ibid. § (6), Fig. 10. 

Relation of, to convective equilibrium. See 
ibid. § (14). 

Value of, for saturated air. See ibid. §§ (22) 
and (23), Table VI., Fig. 16. 

Entropy-temperature Diagram, construc- 
tion of, for dry and saturated air. See 
“ Atmosphere, Thermodynamics of the,” 
§§ (22) and (23), and Figs. 16 and 17. 

Equation to Scale : expression of length of a 
line standard. See “ Line Standards,” § (3). 

Equilibrium Theory of Tides. See “ Tides, 
and Tide Prediction,” § (4). 

Error, The Nature of : the difference 
between an assumed or observed value, 
and the true value. See “ Observations, 
the Combination of,” § (2). 

Errors, absolute, relative, and proportional 
in metrological work. See “ Metrology,” 

II- § (5) (iv.). 

Symmetrical ‘and asymmetrical, in obser- 
vational work. See ibid. § (5) (v.). 
Errors, The Law of. See “ Observations, 
the Combination of,” § (3). 

Deductions from. See ibid. § (4). 

Errors of Screws. See “ Metrology,” VII. 
§ (24). 

Escapement, Gravity. See “ Clocks and 
Time-keeping,” § (9). 

Escapement and Maintenance. See “ Clocks 
and Time-keeping,” § (7). 

“ Eviction ” of Air in Atmospheric Con- 
vection : definition and experimental deter- 
mination of. See “ Atmosphere, Thermo- 
dynamics of the,” § (17). 

Expansion. Explanation of term “ thermal 
coefficient of expansion,” and its application 
in line standard work. See “ Line Stand- 
ards,” § (1) (iv.). 


F 


Fata Morgana. The name given to mirages 
in which there is considerable distortion and 
repetition of the images. See “ Meteoro- 
logical Optics,” § (10). 

Field Astronomy and Astronomic Atmo- 
spheric Refraction. See “ Trigono- 
metrical Heights,” § (9). 


Fits for Interchangeable Work : defini- 
tions: “clearance,” “transition,” and “inter- 
ference.” See “ Metrology,” § (29) (iii.). 

Flank of Screw Thread : definition. See 
“ Metrology,” § (23) (i.). 

Fog, Transluoence of. See “ Meteoro- 
logical Optics,” § (16) (iii.) and (v.). 
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Fog - bow : a white rainbow produced by 
drops under 0-1 mm. in diameter. See 
cc Meteorological Optics,” §§ (14) and (15) 
(iiL). 

Fohn - wind. See “ Atmosphere, Thermo- 
dynamics of the,” § (22). 

Forecast. A statement of the weather to 
be anticipated during a given interval in 
the near future, based on the study of the 
synoptic chart and any other available data. 
A forecast includes a statement of : 

(1) The direction and force of the wind at 
the ground and at moderate altitudes, and 
the changes anticipated during the period 
covered by the forecast. 

(2) The amount and nature of cloud 
(whether high or low), precipitation, tem- 
perature, and visibility. 

(3) Any unusual occurrence, such as 
sudden frost, fog, or thunderstorms. 

The forecaster bases his predictions on the 
changes in pressure distribution indicated on 
his synoptic chart, combined with the use 
of observations of upper winds, temperature, 
and humidity. Although the general prin- 
ciples of forecasting were laid down in a fairly 
definite form by Abercromby, a considerable 
amount of experience is necessary before a 
forecaster can interpret with any degree of 
certainty the changes shown on the synop- 
tic chart, and the same can be said of 
the interpretation of upper air data. The 
period for which a forecast can be reasonably 


made varies considerably. When an anti- 
cyclone is settled over the country, it is 
frequently possible to forecast the weather 
for three or four days ahead, but at times 
when the Westerly type prevails, secondary 
depressions come into existence and move 
so rapidly that it is only possible to forecast 
the details of the weather a few hours ahead. 
Forecasting : 

General principles of. See u Atmosphere, 
Physics of,” § (20). 

Norwegian methods of. See ibid. § (21). 
Fortin Barometer. See “ Barometers and 
Manometers,” § (3) (i.). 

Modifications of : the mountain barometer. 
See ibid . § (3) (ii.). 

Procedure in setting up and reading. See 
ibid. § (3) (i.) (/). 

Four, Metre Comparators. See “ Com- 
parators,” § (8). 

Friction in the Atmosphere. See “ Atmo- 
sphere, Physics of,” § (14). 

Friction and Frictionless Motions in 
Mechanism. See “ Metrology,” § (34) (iii.). 
Friction -rotating : use of friction, wheel 
in mechanism. See “ Metrology,” § (34) 
(iii.). 

Full Diameter of Screw: definition. See 
“ Metrology,” § (23) (i.). 

Fused Silica : its coefficient of expansion, 
suitability for use as material of line stand- 
ards. See “ Line Standards,” § (6) (i). 



Galttzin Seismometer. See “ Seismometry,” 
§§ (2) and (4). 

Galvanometer, Einthgven, Adaptation of, 
to the. Measurement of subdivisions of 
the second. See “ Clocks and Time-keep- 
ing,” § (15). 

Gas, Density of a : 

Determined by means of the micro -balance. 

See “ Balances,” § (18) (ii.). 

Determined by the methods of Sehloesing, 
Jaquerod and Tourpaian, and Threlfall. 
See ibid. § (18) (iii.). 

Determined by weighing the gas contained 
in a globe of predetermined capacity. 
See ibid. § (18) (i.). 

Gas Burettes. See “ Volume, Measurements 
of,” § (23). 

Gas Meters. See “ Meters for Measurement 
of Coal Gas and Air,” § (1). 

Gauge Comparator : 

Hirth “Minimeter.” See “ Gauges,” § (81). 
“ Level ” type for end-gauges. Sec ibid. 
§ (83). 

“Prestwich” fluid type. See ibid. § (80). 
Special end-measuring comparator of high 
sensitivity. See ibid. § (82). 


GAUGES 


I. Types of Gauges used in Engineering 
Practice 1 


Broadly speaking, gauges may be divided 
into two classes : 

A. Limit Gauges. 

B. Standard Gauges. 

The former are used by the mechanic and 
the inspector to test whether the work being 
produced is within the specified limits. 
Standard gauges serve for reference purposes 
in checking the accuracy of limit gauges, and 
also for sotting up and testing the accuracy 
of micrometers, measuring machines, and other 
gauge-measuring instruments. 


1 The author wishes to acknowledge Ills indebted- 
ness to the following firms and individuals for help 
received in the preparation of this article : Arm- 
strong, Whitworth & Co. ; Brown <fe Slmrpe Manu- 
facturing Co. ; Alfred Herbert, Ltd. ; Adam Hilgcr, 
Ltd. ; La Sooidtd Gtenovoise d’lnstrument do .Physique ; 
New Fortuna Machine Co. ; Newall 'Engineering Co. ; 
National Physical Laboratory ; Pratt & Whitney Co. ; 
,T. A. Prestwich & Co. ; Reid Brothers, Ltd. ; I)r. P.E. 
Shaw ; Taylor, Taylor <& Hobson, Ltd. ; Cambridge & 
Paul Trust Co. ; J. Chest, orman <& Co., Ltd.,; British 
Engineering Standards Association. 
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A. Limit Gauges 

§ (1) Types of Li&ht Gauges. — A few of the 
more common types are described below : 

(i.) Internal Limit Gauges: Double-ended 
Plug Gauges , Cylindrical arid SpTierical-ended 
Bars . — This type of gauge, in the form of a 

double-ended plug 
gauge, is shown 
in Fig. 1. The 
usual practice is 
to make the “not 
go ” end shorter 
than the “ go ” end. This serves as a ready 
means of distinction in use, and, moreover, 
as the “ not go ” plug seldom enters the hole 
in the work, it does not require any large 
amount of surface to resist wear. 

The gauge shown is made solid. Tor larger 
sizes the gauging portions are often made in 
the form of hardened steel discs, drilled with 
lightening holes and pressed on to a tubular 
mild steel handle. Nevertheless, above about 
8 in. diameter, plug gauges are rather heavy 

and awkward to use, 
so that for testing the 
larger sizes of holes 
bar gauges having 
cylindricallv formed 
j ^ 1/ ends are often used. 

p 1G . # 2 . Such a type of limit 

gauge is shown in 
Fig. 2. The ends are ground on centres, 
using a mandrel in the central hole. 

Spherieabended rods are also used for the 
same purpose. A pair of such rods, mounted 
in a suitable insulated handle, are shown in 
Fig . 3. 

The forms of internal gauges shown in 
Figs. 2 and 3 enable a test to be made on the 


GO 

NOT GO 




hole for ellipticity. They give a more critical 
test of the work at the high end of the limit, 
whereas the plug form of “ go ” gauge, in 
Fig. 1, gives the more stringent test at the 
lower end. The rod form of gauge is the most 
suitable type for deep holes, as it provides a 



Fig. 4. 


means of detecting whether such holes are 
larger at the centre than towards the ends. 

(ii.) External Limit Gauges: Bing Gauges, 
Snap Gauges. — Fig. 4 illustrates the usual 
form of external limit 
gauge for plug work. Such 
gauges are often made of 
mild steel plate with 
hardened steel bushes 
pressed in. Above a dia- 
meter of about 3 in. the gauge is usually 
made in the form of two separate rings. 

Another form of this gauge is shown at* A 
in Fig. 5, which consists of a double gap, 
snap, or horseshoe gauge. Tor convenience 
this form of gauge is often made single-ended, 
as shown at B in the same figure. 

Such gap gauges are sometimes made 
adjustable both for purposes of taking up 


A 


Fig. 




wear and also for providing a means of vary- 
ing the tolerance between the “ go ** and 
“ not go ” gaps according to the class of work 
or “ fit ” to be dealt with. Fig. 6 shows an 
adjustable snap gauge made by La Soddtd 
Genevoise ; details of the adjusting device are 
given enlarged. The measuring faces consist 
of four hardened steel studs E fitted in pairs to 
each arm of the gauge, the body of which is 
made of cast iron. The surfaces of the studs 
are ground accurately flat and parallel and 



their distances apart are adjusted either to 
standard block gauges or by the use of a 
special machine manufactured by the above 
firm. The method of adjusting the studs will 
be readily understood from the enlarged 
detail. The shank of each stud is a good fit 
in a hole in the gauge and is prevented from 
turning by a key A. The rear end of the hole 
* s ^ a PP ec i with a fine thread into which a split 
nut B fits. This nut can be screwed up by 
means of a special key and serves to feed the 
measuring face forward. The stud is held 
back on to this nut by means of a retaining 
screw C whose conical head fits into a recess 
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in the nut B. The effect of tightening the 
screw C is to pull the stud well into contact 
with the nut B, and at the same time the 
conical head expands the nut and so locks it 
in the screwed part of the hole. Having made 
the adjustment, the space behind the nut 
and screw is filled with a wax seal D which 
prevents any tampering with the adjust- 
ment. 

(in.) Depth Gauge . — One form of a limit 
depth gauge suitable for gauging the depth of 
a cavity is shown in Fig. 7. It consists of a 


-S3®-: 


B 


3 — 
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rod A which passes through a hole in a collar 
B, the under side of which is faced. The 
upper end of the rod has a line l scribed round 
it, and the position of this line is noted with* 
reference to two fixed lines L and H scribed 
on the collar, a portion of the latter being cut 
away for the purpose. The distance between 
the lines L and H is equal to the tolerance on 
the depth to be tested. 

(iv.) Taper Gauges.— Fig. 8 illustrates a pair 

The end faces of these 
gauges are usually 


of limit taper gauges. 



finished in addition 
to the conical surface. 
In testing work the 
fit of the gauge gives 
ail indication as to 
the accuracy of the 
angle of the taper, 
and this can be 
c h e e k o d m o r e 
definitely by the use 
of some description of marking material such 
as prussian- blue paint. The diameters of the 
work are checked by noting the position of 
the upper surface of the gauge with reference 
to a shoulder or some such definite location 
on the work. The upper surfaces of the 
gauges are shown stepped, which allows the 
work to be tested between limits. The depth 
of the step is equal to the diametral tolerance 
on the work multiplied by half the cotangent 
of the semiangle of the taper. 

§ (2) Profile Gauges. — There are many 
varieties of this type of gauge. The commonest 
type is, perhaps, the radius or 

D [~ “ fillet ” gauge shown in Fig . 

*\ 9. These gauges are made 

in sets covering convenient 
L d ranges of radii, the various 
Pig. 9. plates being pinned together 
at one end and mounted in a 
suitable holder. Such sets usually comprise 
both external and internal gauges for each 
radius. 


A type of profile gauge used for checking 
the form of the copper driving-band of shells 
is shown in Fig. 10. The example illustrated 
shows a particularly elabor- 
ate form of band : in most 
cases the outline is devoid 
of any curves. 

Another example of a 
profile gauge is illustrated 
in Fig . 11. This shows 

plates for a flat-bottom 
set comprises three 


H - 915 


PIG. 10. 


purpose 



a set of tem- 
railway rail. The 
separate pieces ; the 
inner one represents the standard section of 
the rail, and the two outer pieces are counter- 
parts of the first. Such templates serve the 
of testing not only the form of the 
rails, but also that 
of the rolls for pro- 
ducing them. Similar 
templates are used 
for the fish-plates of 
the rails. 

Profile gauges are 
used by placing their 
edges in contact with 
the work, the degree of fit being noted either 
by viewing the junction against a strong light 
or testing this junction with thin metal feeler 
pieces. Strictly speaking, they can hardly be 
classed as limit gauges. 

§ (3) Position Gauges. — This type of 
gauge is used for checking the relative locations 
of different parts of a piece of work or of an 
assembly of pieces. A simple example for 
checking the centring of two holes is shown 
in Fig . 12. It consists of two hardened steel 
pins a fixed parallel to each 
other in a block b at a dis- 
tance apart equal to the 
nominal spacing of the holes 
in the work. In order to 
allow a certain, tolerance on 
the spacing in the work, the 
two pins are made slightly smaller than the 
low diameter of the holes by an amount 
depending on the tolerance. 

A tc not go ” plug gauge would bo used in 
conjunction with this gauge to check the 
diameters of the holes on the high limit. 

Fig . 13 shows a position gauge for testing 
the location of the three holes A, B, and 0 
in the fuse body shown in Fig . 14. The 
body of the gauge, which is made of cast iron, 
is bored out to accommodate the conical 
surface of the fuse and is provided with a 
hardened steel axial pin «, which enters the 
hole A of the fuse. Two other pins 6 and c 
slide in hardened steel bushes fixed in the 
body of the gauge and in the correct positions 
to correspond with the holes in the fuse. 
The bushes are ground out to the same size 
for convenience in manufacture and in 
testing, the pins b and c being reduced in 


FIG. 12. 
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diameter at the points to suit the diameters of 
the holes. 




The operation of testing the .fuses with such 
a gauge is very simple. The fuse is dropped 
over the pin a and i3 rotated until the holes 
B and C come in line with the corresponding 
pins. Bor the fuse to be satisfactory it should 
be possible to insert both pins into the fuse 
simultaneously. 

As in the ease of the simple pin gauge 
described above, the diameters of the gauge 
pins are made slightly smaller than the 
diameters of the holes in the fuse in order to 
allow tolerances on the relative position of 
the various holes. 

§ (4) Screw Gauges. — Fig. 15 illustrates 
the usual type of “ go ” plug and ring screw 
gauges used for inspection or workshop 



Big. 15. 


practice. These are made with threads having 
the standard profile. 

The plug gauges are sometimes provided 
with a plain plug at the reverse end, as shown 
in Fig. 16, having a diameter equal to that of 
the nominal core diameter of the screw and 


Fig. 16. 

which serves as a “ go ” gauge for that 
element. 

The ring gauges are sometimes made split 
as shown in Fig. 16, a pull and a push screw 



being provided for making the adjustment. 
This type of gauge is not to be recommended, 
since the usual results of wear is a malforma- 
tion of the correct thread form, and this clearly 
c ann ot be rectified by any such adjustment. 

The “ not go ” gauge for screwed work 
usually takes the form of a plain plug gauge 
for the core diameter of nuts, and a snap or 
plain ring gauge for the full diameter of the 
bolts. It is also desirable to ensure that the 
threads of the work are not unduly thin, 
and for this purpose “ not go ” effective 
diameter screw gauges are used. The form 
of the thread of such “ not go ” gauges is as 
shown in Fig. 17, where the crests are trun- 
cated and the roots 
cleared. The standard 
Whitworth form is 
shown dotted in this 
figure. This type of 
gauge was originated 
by Mr. W. Taylor. 

Various types of 
special gauges and instruments have been 
designed for testing screwed work, a few 
examples of which are given in § (40). 

The screw gauges referred to above are parallel 
on diameters throughout their lengths. Certain 
classes of screw threads, however, such as pipe 
threads and fuse body threads, arts made tapered 
so as to obtain a binding fit, and these threads give 
rise to taper screw gauges of both plug and ring 
form. Tho threads of such gauges are often of 
approximate Whitworth form ; the centre line of 
the threads can be square either to tho axis of the 
gauge or to its tapering sides (see § (87)). 

B. Standard Gauges 

As explained in § (14), standard gauges 
are used as standards for comparison when 
making accurate measurements on measuring 
machines. At times they are also utilised in 
a direct manner when testing limit or working 
gauges. 

§ (5) Standard Gauges. — These are made 
in a variety of forms, but in every case to a 
high order of accuracy. 

(i.) Standard Plug and Ring Gauges . — The 
first useful type is the cylindrical form, shown 
in Fig. 18. Such gauges are made up to 8 in. 


Fig. 18. 

in diameter, hut they are not commonly used 
above about 3 in. The gauges are either 
case-hardened or hardened right through, and 
their working surfaces are ground and lapped 
to a high polish. 
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The fit of the ring gaxige on the plug should 
be such that the two gauges will assemble 
without forcing, and without perceptible play, 
when the working surfaces are clean and free 
from any trace of grease. The presence of 
grease or any lubricant will mask any slight 
play which may exist between the two gauges. 
Moreover, if the gauges are lubricated it is 
often possible to insert a plug into a ring of 
slightly smaller diameter. The explanation is 
that ring gauges are almost invariably bell- 
mouthed to some extent and plugs tend to 
be slightly smaller at the ends, with the result 
that a very slight wedging effect arises on 
assembling the gauges, and this can easily 
cause the ring to stretch without any undue 
axial force being applied. This stretching 
of the ring can be definitely proved by using 
a ring gauge which is ground on the outside. 
External measurements of the ring when in 
the free state and when assembled on a plug 
will indicate the amount of distortion. 

When the surfaces of both gauges are highly 
polished it is possible to obtain a wringing 
lit between the pair. The gauges can he 
assembled after lubrication and will remain 
free so long as one is kept in motion relative 
to the other. If allowed to rest for only a 
moment the gauges will seize, and they can- 
not be separated except by tapping or forcing 
apart, with the result that the clinging surfaces 
are more often than not severely damaged 
in the process. 

In using plug gauges as standards for 
purposes of comparison, it is usual to standard - 
iso them locally so as to avoid the effect of 
even slight variations which may occur in 
the size of the plug at different parts. A 
convenient location for the standardisation 
is half-way along the length of the working 
surface and across a diameter parallel to a 
flat on the handle. 

Standard plug gauges are usually made 
correct to size to within ±0*0001 in. for sizes 
up to 2 in., the allowable inaccuracy increasing 
to ± 0*0003 in. for 8 in. gauges. 

(ii.) Standard End Gauges : Bars. — - The 
second type of standard gauge is the form most 
frequently termed end gauges. These gauges 
are made from steel bar and .may be hardened 
throughout their length or only at the ends, 
j Wig. 19 shows the Whitworth and Newall 


Whitworth End Gauge 



Newall End Gauge 



PIG. 19. 


types of end gauges. The former are made 
in f in. square section with the corners rounded 
off and the ends ground down to J in. diameter. 


The end faces are flat. The Newall gauges are 
in the form of cylindrical bars varying in 
diameter from | in. to § in. according to length. 
They are slightly bevelled off at the ends, 
which are finished flat. The gauges are 
usually fitted with ebonite sleeves to minimise 
the thermal effect due to handling. This type 
of gauge is made up to a length of 72 in. 
Except in the case of the shorter lengths, 
these gauges are hardened only at the ends. 
The end measuring faces of such gauges should 
be not only flat but also parallel to each other 
and accurately square to the axis of the rod. 
The latter condition is essential, as with the 
longer gauges it is necessary to support them 
on vee rests during the measurements. It 
is a fairly easy matter to adjust the height of 
the rests so as to bring the axis of the gauge 
parallel to the bed of the measuring machine, 
but unless the faces are square to the axis, 
an incorrect measurement of length will be 
obtained. 

End gauges are also made with spherical 
faces, as shown in Fig. 20, the radius of curva- 



3?IG. 20. 


ture of the faces being equal to half the length 
of the gauge. Gauges with this type of 
measuring face lend themselves readily to a 
process of building two or more together to 
make a long length. This method usually 
introduces errors when applied to flat-ended 
gauges owing to slight lack of parallelism or 
squareness of the flat faces. 

When measuring spherical ended gauges 
under pressure, care should bo taken to allow 
for the elastic compression which takes place 
at the local contact of each spherical face with 
the flat faces of the machine (see § (16)). 

(iii.) Standard End Gauges : “ Bloch ” Type.. 
— One of the most useful types of standard 
gauges both from the point of view of accuracy 
and adaptability is the typo introduced by 
Messrs. G. E. Johansson of Sweden about ten 
years ago. These gauges are made in sets, one 
of which is shown in Fig. 21. The particular 
set illustrated, which was made by Fitters Ven- 
tilating and Engineering Co., Ltd., comprises 
81 gauges ranging in size from 0-05 in. to 4 in., 
each gauge being made of hardened steel in 
the form of a rectangular block. Each block 
has two opposite faces highly finished, the 
surfaces of these faces being optically flat and 
parallel to within 0-00001 in. The maker 
guarantees all the blocks under 1 in. in length 
to he accurate to size within ±0-00001 in. and 
the 2, 3, and 4 in. blocks within ±0-00002, 
+ 0-00003, and ±0-00004 in. respectively. 
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The standard set in inch units comprises 
the following arrangement of 81 sizes : 

0*1001 to 0*1009 by steps of 0*0001, 

0*101 to 0-149 by steps of 0*001, 

0*05 to 1*0 by steps of 0*05, 

2, 3, and 4. 

The standard set in metric units comprises 
103 gauges in millimetre sizes as follows : 

1*01 to 1*49 by steps of 0*01, 

1*0 to 25*0 by steps of 0*5, 

50, 75. and 100. 

The most valuable feature of these gauges 
is the fact that it is possible to “ wring ” 


Although the presence of a liquid him is 
essential for the adherence to take place 
between the two gauges, the thickness of this 
film is very minute if the gauges are properly 
wrung. Experiments on the measurement of 
the thickness of the film arc described in 
vol. xvii. of the Travaux et Memoir e# du 
Bureau International. The experimenters, 
Perard and Mandet, arrived at the remark- 
able result that the composite length of two 
gauges when wrung together is less than the 
sum of their net individual lengths by 
0*0000024 in. The thickness of the film 



Fig. 21. 


two or more gauges together by first cleaning 
them and then bringing their faces into 
contact and applying a combined sliding and 
twisting motion. When brought together in 
such a manner it is found that the two gauges 
adhere strongly to each other and thus form 
a single gauge whose length is the sum of the 
component gauges. The adherence is due 
almost entirely to the presence of a liquid 
film between the faces. This can be proved 
by carefully cleaning two gauges with petrol 
or absolute alcohol, after which it will be found 
that no appreciable wringing effect can be 
obtained. On touching one of the faces with 
the finger so as to deposit a small amount of 
moisture or grease, the wringing effect will be 
produced. Pure water appears to be one of the 
best liquids to give the maximum wringing 
effect. 


must necessarily be positive, but the authors 
of the paper attribute the shortening to local 
compression of the gauges at the junction duo 
to the force of adhesion produced by the film, 
and to the tendency of the faces to fit one 
into the other. Owing to imperfections in 
the final polishing the surfaces have an ex- 
tremely fine matt finish, and the possibility 
of two such surfaces fitting one into the other 
to some minute extent can be readily under- 
stood. 

The force necessary to separate two gauges 
wrung together with a film of condensed 
water-vapour has been found to be of an order 
of 50 lbs. weight per square inch of surface. 

Experiments on this subject have been 
carried out by Mr. H. M. Budgett, the results 
of which will be found in vol. lxxxvi., 1911, of 
the Proc. of the Royal Society. 
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If the sizes of the gauges contained in the 
standard inch set referred to above be 
examined, it will be seen that by wringing 
together two or more blocks it is possible to 
form a gauge whose lengths may involve four 
figures after the decimal point providing the 
length is not less than 0*2 in. Up to a length 
of about 5 in, it is always possible to form a 
compound gauge without using more than four 
component gauges. Above this length, how- 
ever, it is frequently necessary to use a larger 
number. It is often possible to form a com- 
pound gauge in more than one way. The 
following table illustrates how a length of 
2-4787 in. can be arrived at by three different 
sets of blocks : 


•1007 

•1002 

•1003 

•128 

•1005 

•1004 

•25 

•130 

•137 

2 

*148 

•141 

. . 

•1 

•95 

. . 

•9 

•85 


1 

•2 

2-4787 

2-4787 

2*4787 

wringing 

up three 

such combinations 


and comparing their sizes in a measuring 
machine a ready check is obtained on the 
accuracy of the 18 gauges involved. 

Besides their use as standard gauges these 
block gauges servo many other useful purposes 
which will be referred to later. 

It may be mentioned that this type of block 
gauge is now being manufactured in America 
and in England to an accuracy equal to that 
of the Swedish gauges. 

The best known of the American gauges 
are the cc Hoke ” type which are being manu- 
factured by Pratt & Whitney Co. These 
gauges are made uniformly 0*95 in. square 
in section and of all lengths up to 4 in. 
Through the centre of each block is a J in. hole 
for securing caliper- jaws and other attach- 
ments. Their accuracy is guaranteed to five- 
millionths of an inch of marked size up to one 
half inch and within ten-millionths per inch 
of length over that size. 

A description of the method of manu- 
facturing the “ Hoke 55 gauges will be found 
in Machinery dated June 3, 1920. This 

article also describes an optical method for 
testing the flatness of the gauges. 

(iv.) N.P.L. Method of making Block Gauges . 
— This method of manufacturing block gauges 
of the Johansson type was devised at the 
National Physical Laboratory in 1917. 1 

The material used is a pure carbon steel 
containing approximately 1 per cent of 0. 
The blanks are carefully hardened after 
machining and their surfaces are then rough 

1 It is patented under the names of Sir It. T. 
Glazebrook, J. E. Sears, Jun., and A. J. 0. Brookes, 


ground on an ordinary magnetic chuck. To 
ensure freedom from subsequent distortion 
and change of size, the hardened blanks are 
subjected to a stabilising heat treatment. 
This treatment consists of alternately heating 
and cooling the gauges, the upper limits of 
the temperature to which they are raised being 
210°, 130°, 70°, 40° C. in succession ; the 
lower limit is 10° C. The gauges are then 
ready for the precision grinding operation. 
For this purpose the gauges are fixed to a 
special form of magnetic block chuck shown 
in Fig. 22. This chuck consists of a block 
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Fig. 22. 


of mild steel 1 surrounded by a wood case 2, 
Each of the large faces of the block has eight 
raised facets arranged in pairs at each corner 
as shown. The eight facets on each side are 
carefully lapped fiat and in one plane. The 
two planes formed by the facets are accurately 
parallel. The block is wound with coils so 
that one set of facets can he used as a mag- 
netic chuck. Eight of the gauges to be ground 
are placed on the magnetic set of facets, and 
the chuck is placed with the gauges upwards 
on a surface plate which is bolted to the 
table of a surface grinder. The upper faces 
of the gauges are then cc spot 99 ground by 
sliding the chuck about on the surface plate 
under the grinding wheel. The gauges are 
then turned over on the facets, and the re- 
maining faces are ground in a similar manner. 
The gauges will then be in a state such that 
they are all of the same thickness to within 
a few hundred- thousandths of an inch, and 
they now require to bo lapped. 

The lapping is carried out on cast iron and 
bronze plates, the upper surfaces of which are 
charged with very line abrasive material. Clog- 
ging of the plates is prevented by brushing 
them frequently with a good supply of cold 
water. The final flatness of the surfaces of the 
gauges depends upon the flatness of the lapping 
plates. These are made in threes. They are 
first “ spot ” ground on a surface grinder, as 
described above, and their surfaces are then 
finished by rubbing the plates together in 
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pairs, using a suitable abrasive between them. 
If this mutual lapping is done in cyclical 
order with the three plates, a high degree of 
flatness is obtained. The plates are about 
12 in. diameter, and their upper surfaces are 
machined with grooves into a chequered 
pattern for holding the surplus abrasive and 
lubricant. 

The chuck carrying the eight gauges on 
one face is placed with the gauges in contact 
with a lapping plate, and the exposed surfaces 
of the gauges are lapped down until all grind- 
ing marks are eliminated.. The gauges are 
then turned' face for face on the chuck and 
the other faces are lapped in a similar manner. 
Now, assuming that the face of the lapping 
plate is accurately flat, the exposed surfaces 
of the gauges will all lie accurately in one 
plane, but this plane may not be truly parallel 
with that formed by the facets on to which 
the gauges are wrung. In other words, the 
faces of the gauges may not be truly parallel 
and their thicknesses may differ somewhat. 
To counteract this tapering effect, the positions 
of some of the gauges on the chuck are changed 
in the manner shown in Fig. 23. The upper 
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Tig. 23. 

diagram, A, shows the original distribution of 
the gauges, and the lower one, B, the relative 
positions after the gauges have been changed. 
It should be noted that the upper gauge of 
each pair is left in its original position, but 
the other gauges are interchanged in a dia- 
gonal direction on the chuck, and they are 
also turned end for end. A little consideration 
will show that this rearrangement of the gauges 
averages out any tapering effect between the 
two planes referred to above, so that on re- 
lapping the gauges they should arrive at a 
much closer state of parallelism than before. 
If desired, the gauges can be rearranged once 
more and lapped for the third time. In 
practice, however, one interchanging is usually 


found to be sufficient to render the gauges of 
equal thickness to within one or two millionths 
of an inch. The equality of the gauges can 
be rapidly checked to one millionth of an 
inch by the use of one of the comparators 
described in §§ (82) and (83). The type of chuck 
shown, in Fig. 22 serves for slip gauges up to 
about 1 in. in length ; for longer gauges up to 4 
in. a rather more elaborate chuck is required. 

It is necessary to know when to cease 
lapping, so that the thickness of the gauges 
shall be equal to some desired dimension. 
The gauges are all removed from the chuck 
when it is thought that they are approaching 
size, and, after wringing the eight together, 
their aggregate length is compared with an 
appropriate known standard. This compari- 
son is made most readily on the “ Level ” 
comparator described in § (83). If the gauges 
are too thick, they are returned to the chuck 
and lapped down further. This method of 
comparing the total length of the eight gauges 
against a standard, together with the method 
of obtaining equality of thickness between 
them, clearly results in a very high accuracy 
in their final individual lengths. For example, 
if a 4 in. standard gauge is provided and its 
absolute length is known to even only ± 0-00001 
in., it would be possible to produce eight 
4 in. gauges which would be accurate to size 
to within one-eighth of this uncertainty, i.e. 
about ±0-000001 in. If it were required 
to produce some 0-1 in. gauges, eight of them 
would be lapped up until any five, when wrung 
together, were the same length as one of the 
£ in. gauges. By this method it is possible to 
generate accurately the sizes for all the gauges 
comprised in the usual set of 81 slip gauges 
from a parent 4-in. standard of known length. 1 

(v.) Secondary Standard Gauges : Balls and 
Roller Gauges. — Ordinary commercial steel 
balls as used in bearings are made to a toler- 
ance of ±0-0001 in., consequently a set of 
such balls forms an inexpensive set of secondary 
standards for workshop use. They are made 
in sizes varying from about s l a - to 3 in. diameter. 

When measuring steel balls in machines 
having fairly heavy pressures (such as 5 lbs. 
weight) between the faces, it is necessary 
to apply a correction to the measurements 
on account of the elastic deformation which 
takes place at the points of contact. A 1-in. 
ball, under the pressure stated above, will 
measure small by approximately 0-0001 in., 
and in the case of an J-in. ball the difference 
is twice that amount. The general formula 
for the diminution in diameter due to com- 
pression is 

0 = 0-0000321 x P 

where C is the diminution in diameter in 

1 See Report of the National Physical Laboratory for 
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inches duo to a pressure of P lbs. weight, the 
diameter of the ball being d in. 

Another useful combination of secondary 
standards is the set 
of 15 roller gauges 
supplied by the 
Hoffmann Manu- 
facturing Go., 

Chelmsford. These 
gauges consist of 
selected commercial 
rollers as used in 
roller bearings. 

They are guaranteed 
to an accuracy of 
±0*0001 in. both on 
length and diameter, 
these dimensions 
being equal on each 
roller. A set of these gauges is shown in 
Fig. 24, 

II. Methods of measuring Gauges 
A. Limit Gauges 

The choice of instruments and the methods 
adopted for measuring and testing gauges 
depend mainly upon the tolerance allowed on 
the gauges. Generally speaking, limit gauges 
can be tested without the assistance of so- 
called cc measuring machines,” these being used 
mainly in the verification of 
standard and reference gaxiges. 

The following paragraphs deal 
with the general methods of 
measuring the commoner types 
of limit gauges. 

§ (6) Internal Limit Gauges : 
Plug and Bar Types.— T he 
finest tolerance met with on this 
class of gauge, except where they 
are used for work of very high-class accuracy, 
is 0-0003 in. Their measurement is usually 
carried out by the Use of ordinary micrometers 
or some form of comparator, these instruments 
being set up on standard gauges. For a de- 
scription of various 
types of compara- 
tors reference should 
be made to § (80). 

Check gauges are 
not often employed 
for testing ping 
gauges, but it is 
sometimes useful to 
form a pair of ec go s> 
and cc *not go ” snap 
gauges from block gauges which are built 
up to represent the high and low limits 
of the gauge. Fig . 25 shows such a snap 
gauge which is formed by wringing special 
pieces or 46 points ” on to the outsides of the 
slips which represent the dimension L of the 


snap gauge required. The inner surfaces of 
these points are lapped quite flat. Their 
outer faces are accurately rounded for about 

half of their lengths, 
the thickness of the 
rounded portions 
being finished to 
certain convenient 
dimensions such as 
0*25, 0*2, or 0*1 in. 
These points will be 
referred to again 
later in connection 
with the measure- 
ment of ring gauges. 

§ (7) External 

Limit Gauges : Ring 
and Gap Gauges. 
(i.) Ming Gattge *s\ — 
Plain ring gauges, such as shown in Figs. 4 
and 18, can be tested by four methods : 

(а) “ Go ” and cc not go ” check plugs. 

(б) Block gauges and points. 

(r) Block gauges and cylinders. 

(ri) The cc chord ” method, 

(а) A pair of plain plugs or in the case of 
the rings larger than about 4 in. diameter 
a pair of cylindrical-ended bars are made 
accurately to the high and low limit of the 
ring gauge. The latter is tested by trying the 
fit of the “ go ” and cc not go check gauges in 
it. The provision of such check gauges becomes 
expensive unless a fairly large number of ring 
gauges of the same size have to be tested. More- 
over, the difficulty referred to in § (5) in connec- 
tion with the stretching of ring gauges by the 
insertion of a plug arises. A further point 
is that ellipticity in the ring gauge is not 
readily detected by the use of check plugs. 

Generally speaking, except in the case of 
gauges below 0*5 in. in diameter, the use of 
check plugs is discarded in favour of the three 
other methods about to be described. 

(б) Ring gauges down to about 0*5 in. 
diameter can be tested by the use of block 

gauges and points, 
as shown in Fig. 25 
above. To facilitate 
the manipulation of 
the gauges they are 
clamped in an ad- 
justable holder as 
shown in Fig. 2(5. 
The slip gauges be- 
tween the points can 
be varied Until the 
combination just fits the ring gauge, and by this 
means it is possible to measure the diameter of 
the latter to an accuracy of about ±0*0001 in. 
It should be noted that this method provides 
a means of detecting ellipticity in the gauge 
by testing the ring across various diameters. 



Fig. 24. 
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It lias been found from practice that the 
curved measuring surfaces of the points wear 
fairly rapidly, and also the projecting parts 
of the points are liable to spring slightly in 
use. The following method of using a pair 
of plugs instead of the points retains the 
flexibility of size derived from the use of 
slip gauges, but avoids the errors mentioned 
above in connection with the use of the points. 

(c) The ring gauge is placed on a surface 
plate and suitable Johannson blocks are wrung 

together and placed inside 

® the ring, together with 
two pings of known 
diameters, as shown in 
Fig. 27. The slips are 
varied by 0-0001 in. steps 
until the plugs are just a 
nice fit. 

Eho. 27* This method can be 

used for rings up to 3 
or 4 feet in diameter, in which case the bulk 
of the space between the plugs is taken up 
by a long, flat-ended bar gauge, slips being 
used for the last remaining inch or so. 

The Hoffmann roller gauges described in 
§ (5) are very convenient for use as the plugs 
in the above method. 

(d) The principle of this method, which is 
due to Mr. G. A. Tomlinson of the National 
Physical Laboratory, is illustrated in Fig . 28. 



i m. 28. 

The ring is held with its axis horizontal and 
its diameter is measured with reference to the 
known length of a ball-ended rod JR. This 
rod is made somewhat shorter than the dia- 
meter of the ring, so that when placed hori- 
zontally in the latter it is possible to move it 
vertically through a certain distance h , which 
depends upon the diameter of the ring, the 
length of the rod, and the diameter of the halls. 

Let D = Diameter of ring. 

L = Length of rod between centres of balls. 
d = Diameter of balls. 

Then, h 2 = (D - df - IA . . . (1) 

If the nominal size of the ring is known, then 
it is possible to calculate the theoretical value 


of h for a perfect ring of that size when using 
a suitable rod of known dimensions. An error 
in the diameter of the ring will be detected if 
the measured and theoretical values of h do 
not agree. Moreover, it should be noted that 
any error in the diameter of the ring becomes 
magnified in the measurement of 7^, the degree 
-of magnification depending upon the length 
of the rod in relation to the diameter of the 
ring. In practice it has been found con- 
venient to choose the length of the rod for 
any particular size of ring, so that the diameter 
errors are magnified five times. That is to 
say, if the diameter of the ring were 0*001 in. 
greater than its nominal size, then the rod 
could be displaced 0-005 in. more than its 
calculated movement. 

The magnification is expressed by 

dh D-d r . . 

. .. =5 (say), 


Then, from equation (1), 

L 2 =(D — cZ) 2 — 

=!f( D-d)*, 

L-lis/24(D-i). . . .(3) 

Griven D and d y it is possible from (2) and (3) to 
calculate the required length of the rod and the 
theoretical value of h. If on. measurement, an error 
dA is found in h y then the error in the diameter of 
the ring from its nominal size is ^ dh . 

The accuracy to which it is possible to determine 
the error in the diameter of a plain ring depends not 
only upon the accuracy of the determination of h 9 
but also upon the measurement of the length of the 
rocl L and the mean diameter of the balls d . These 
three quantities can each be obtained to an accuracy 
of about ±0-00002 in., so that the determination of 
the absolute value of the error of the ring should be 
known to within ±0-00005 in. Comparative values 
of the errors in different parts of the same ring can be 
obtained true to within ±0-00001 in. 

In addition to the measurement of plain 
rings this method also lends itself to the deter- 
mination of the effective diameter of screwed 
ring gauges. In this case the size of the balls 
attached to the ends of the rod should be 
such that they make contact with the threads 
of the screw about half way between the crests 
and roots. The calculation of the effective 
diameter follows the method given above for 
a plain ring. It has to be remembered, how- 
ever, that the rod sets itself slightly askew 
when in contact with the screw thread, and 
it is necessary to use in the formulae the 
length of the rod projected in a plane normal 
to the axis of the screw. This projected length 
is approximately equal to n^L 2 - (p/2) 2 , where 
p is the pitch of the screw. 

The approximation is very close ; in the case of 
a 3 -in. ring having 3J threads per inch, tlie error 
amounts to only 0*00005 in., and for all ordinary 
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purposes the above value for the projected length 
may bo taken as exact. 

In the case of a screw the radial distance 
from the axis to the centre of the ball becomes 

HE-fZ+P), 

where E is the effective diameter and P is 
the “ P value ” corresponding to the diameter 
of the ball d and the pitch of the thread (see 
§ (63)). 

We then have, instead of equation ( 1 ), 

h =\ / (E-d+P)*-(L2-*0. 

Equations ( 2 ) and (3) become 
7 E-d+P 

7i~ , 

\/ L2 ~ 4 - = i ^24 (E - d + P). 

These equations enable the error in the 
effective diameter to be determined from the 
measured value of h in the same manner as 
for a plain ring. 

The method used for measuring the vertical 
distance h is illustrated in Fig. 29. The ball- 


measured error in h for the particular ring is 
equal to one-fifth of the difference between 
the calculated value of h and the displace- 
ment of the sector E, as measured by_ the 
micrometer, with the appropriate sign. Since 
the error in the diameter is again one-fifth of 
d7i, it will be seen that diametral errors are 
magnified 25 times at the micrometer. 

When measuring a plain ring the ball-ended 
rod is set square by eye to the axis of the ring. 
Any small error in this adjustment produces 
only a cosine error in the final result and can 
be neglected. In the case of a screwed ring, 
the rod must turn through a small angle in 
the horizontal plane when passing from the 
lower to the upper position. The method of 
pivoting the lever allows this movement to 
occur freely as the balls slide easily over the 
highly finished face of the supporting gauges. 

It is found convenient to use adjustable 
ball-ended rods made in two parts and fixed 
in a suitable holder, as shown in Fig . 30. 
The gap between the two parts is set by 
means of slip gauges to give the required 
centre distance between the balls. To facili- 
tate this setting, the inner ends of the rods 
are made plane and spherical respectively. 


mm c 




PIGL 29. 

ended rod A is carried horizontally at ono end 
of the five to ono lever B, which is pivoted on 
two transverse ball feet C spaced 1 -J- in. 
apart. These feet rest on the upper polished 
surface of a pile of slip gauges P, the height 
of which can be readily adjusted by building 
up on a surface plate below. The balance of 
the lever is adjusted by the jockey weight W. 
The height of the gauges D is first chosen so 
as to bring the lever approximately hori- 
zontal when the rod is resting in its lower 
position under the action of the throw-over 
weight F. A reading is then made with the 
fixed micrometer head M by sighting the con- 
tact on a thin curved sector E, which is attached 
to the end of the longer arm of the lever. 
Under favourable lighting conditions the 
micrometer can he set to 0-0001 in. The 
pile of gauges is then increased by the cal- 
culated value of h and the rod is brought into 
gentle contact with the upper part of the ring 
by changing over the weight F. A second 
micrometer reading is then taken. The 


The ball -ends consist 

t of hardened steel balls 
lYI which have been 
specially selected and 
accurately measured. 

E They are fixed to the 

~~ rod with hard solder, 

(ii.) Snap Gauges. — Gap gaxiges are tested 
either by the use of a pair of special slip 
gauges made to the high and low limits of the 
gauge, or by direct use of combinations of 
block gauges. The gap gauges usually have flat 
faces and it is necessary to test for any lack of 
parallelism by trying the fit of the slip gauges 
between different . 

parts of the face. f-A 

A note should also (&)\ I ^ 
be made as to the ^ — i — ~i — 

existence of any 

springiness of the 

jaws of the gauge — ' 

caused by lack of v-^j J 

strength in the sec- v/ 

tion of the gauge. 

§ (8) Depth 

Gauges. — Gauges rrrO 
such as shown in r~~~? — 1 

Fig. 7 are readily Pro. 30 . 

tested by the ap- 
plication of one or more piles of slip gauges 
placed on a surface plate. 

§ (9) Taper Petto Gauges. — The most 
satisfactory method of testing taper plug 
gauges, both for angle of taper and diameter, 
is by the use of slip gauges and a pair of 
roller gauges, as shown in Fig. 31. The gauge 
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is stood on a surface plate and, if necessary, 
is held down by a clamp screw fixed in a 

suitable bracket 
fastened to the 
plate, A pair of 
roller gauges, as 
described onp. 303* 
whose diameters 
are known accu- 
rately, are placed 
at the base of the 
gauge, as shown in 
the diagram. The 
distance M x over 
the outsides of 
the rollers is carefully measured with a micro- 
meter, This measurement is repeated across 
different diameters of the gauge, and the two 
rollers are then raised on etpual piles of slip 
gauges of height H, as shown by the dotted 
lines, and a further measurement M 2 is made. 
The height of the piles of slip gauges can be 
altered to bring the rollers to as many positions 
as is thought desirable. Measurements are 
made at each position in turn, and are noted 
together with the corresponding heights of the 
two piles of slip gauges. 

The best procedure in working out the 
results is to take the standard drawing of the 
gauge and, from the dimensions given, to 
calculate the theoretical measurements across 
the rollers at the various heights used. The 
calculation is of a simple nature. Suppose 
the diameter of the base of the gauge is given 
as D, and the semi-angle of taper as a, then, 
if the radii of the rollers is r, we have 

M x =T> 4- 2r(l 4- cot 
where = 4(90° - a). Similarly 

M 2 = D + 2r(l 4- cot /3) -f-2H tan ct. 

As an example, the table below gives a 
series of measurements made on a taper 
plug gauge together with the corresponding 
calculated values of the distance across the 
rollers as obtained from the above formulae. 


Height 

H. 

Distance across Hollers. 

Error in 
Size. 

Measured. 

Calculated. 

0"*0 

R-7430 

1" -74:28 

+0''-0002 

0*25 

1-7080 

1-7678 

-f 0-0002 

0*5 

1-7931 

1*7928 

+0-0003 - 

0*75 

1-8182 

1-8178 

+0-0004 

1*0 

1-8434 

1*8428 

+0-0006 

1*25 

1-8680 

1*8678 

+0-0008 

1*5 

1-8938 

1*8928 

4*0*0010 


The last column gives the error in the 
diameter of the gauge at the various sections 
at which the rollers made contact with it. 
It will be noted that these errors are larger 
towards the upper end of the gauge where the 



height H is greatest, and moreover, the error 
towards the centre is less than the mean of 
the errors at the extremities. This indicates 
that the general rate of taper is too great, 
i.e. the angle a is too large, and also that the 
conical surface is slightly hollow towards the 
centre. The latter error could be readily 
checked by laying the gauge on a surface 
plate, when a slight gap of about 0*0001 in* 
should be noticeable at the middle against a 
strong light. 

§ (10) Taper Rnsm Gauges. — A common 
method of testing taper ring gauges in the 
workshop is by the use of a corresponding 
taper plug gauge, of known accuracy, as a 
check gauge. The two gauges should assemble 
and either the shoulder of the plug, or a line 
scribed round its surface, should come flush 
with the upper surface of the ring. This 
method is liable to lead to erroneous results 
unless special care is used. Fig. 32 shows three 
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ring gauges having faulty tapers which could 
be carelessly passed as e< fitting ” the same 
check plug. The errors in the tapers of the 
rings are, of course, exaggerated. If the 
actual errors were large they could be detected 
by the presence of play between the gauges. 
Such errors could also be detected to within 
fairly fine limits by the use of some form of 
marking material applied very thinly to the 
plug gauge before inserting it in the ring and 
noting to what extent it became removed 
after rotating the plug. Tor testing the ring 
to an accuracy of an order of ± 0*0001 in., 
however, it would be necessary to resort to 
direct measurement. 

The general method of measuring the rate 
of taper and the diameters of taper ring 
gauges is by the use of steel balls. When the 
minimum diameter of the gauges is above about 
1| in. the “method shown in Fig . 33 can be 



used. The scheme is analogous to that 
already described and illustrated in Fig . 31 
for the measurement of taper plug gauges, 
the rollers being replaced by a pair of steel 
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balls, the distance between which is measured 
by means of slip gauges. The balls are first 
placed on the surface plate and are afterwards 
raised on equal piles of gauges to various 
heights in succession. The calculation of the 
results is similar to that explained in the 
case of the plug gauge above. 

For smaller sizes of rings it is not possible 
to insert the slip gauges, and single different 
size balls are used in turn, as shown in Fig. 34. 

The balls are allowed to rest 
in the cone of the ring and 
the distance from the top of 
the ball to the upper surface 
of the gauge is measured with 
a depth gauge, or, if the ball 
protrudes, by means of slip 
gauges. As Hoffmann steel balls are made in 

nd sizes from 1 in. to in., and below that 
size in ^-th-in. steps, it is usually possible 
to select several sizes of balls which will suit 
any particular ring. 

It should be noted that by this method of 
measuring distances along the axis of the 
cone, the diameters of the ring are obtained 
to an enhanced accuracy according to the 
fineness of the taper. 

In some cases where the angle of taper is 
very slight it is not possible to find more 
than one size of ball which will rest in the 
cone. For such gauges the method indicated 
in Fig. 35 may be adopted. A ball somewhat 
smaller than the minimum 
diameter of ring is chosen 
and this is inserted together 
with a small cylinder, D x , of 
suitable size, so that the ball 
rests near the bottom of the 
ring. After measuring the 
height, the cylinder is 

changed for another of different diameter, 
D a , so as to bring the hall higher in the gauge. 
The standard wires used in the measurement 
of the effective diameters of screws are very 
useful for this purpose, as in a complete set 
they differ consecutively by only a few 
thousandths of an inch. In special cases it 
may be necessary to grind and lap up cylinders, 
but that is a fairly easy matter. 

§ (11) Taper Plate Gattoes. — These are 
measured by the use of roller gauges and 
block gauges in practically the same manner 
as described for taper plug and ring gauges. 
Instead of standing the gauges on tho 
surface plate, however, they are placed 
flat downwards ; also in the case of the 
internal tapers, roller gauges are used instead 
of balls. 

If a number of taper plates having the same 
angle have to be measured, the method shown 
in Fig. 36 is sometimes adopted. Two tem- 
plates, T, T, fixed together with dowel pins 
are ground up on all four edges so as to have 
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the correct angle of taper. This angle can he 
tested by taking measurements over rollers 



m 


o\ o| 

T \ T 
O \o 


Fig. 36. 


when the square edges of the templates are 
placed in contact as shown at B. Having 
obtained the correct angle, the templates are 
then measured when arranged as at 0, thus 
obtaining the dimension m. The two pieces 
are then placed one on each side of the gauge 
to he tested as shown at A, and measurements 
M made at the top and bottom. If the outer 
edges are found to he parallel the taper of the 
gauge agrees with that of the template, also 
the distance across the gauge in the position 
half-way down is given by (M — m), and this 
can be compared with the corresponding 
drawing dimension. 

Such templates can also ho used for checking 
internal taper plate gauges by measuring the 
distance between the parallel edges with slip 
gauges. 

§ (12) Profile Gatjoes. — The smaller sizes 
of profile gauges such as radius templates and 
driving-band gauges are most readily checked 
by one of tho following optical methods : 

(i.) Optical projection of an image of the 
profile on a screen to a definite magnification 
and comparison of this imago with an enlarged 
drawing. A description of the apparatus 
used for this purpose will be found in 
§( 68 ). 

(ii.) The gauge is mounted on a table whose 
position is controlled by micrometer screws, 
and different parts of its profile are viewed 
in turn through a fixed microscope fitted with 
cross wires, the movements of the gauge being 
measured on tho micrometers. Descriptions 
of machines for carrying out such measure- 
ments will bo found in §§ (34) and (35). 

(iii.) By the Use of a Check Gauge . — Another 
method of testing profile gauges is to have 
a cheek gauge or counterpart of the gauge, 
and to try the fit of the two pieces when placed 
together on a sheet of glass in front of a strong 
light. Differences between the two edges in 
contact can bo readily detected, especially if 
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the gauges are made of fairly thin plate, but 
it is not easy to state the amount of these 
differences. This method is mostly used in 
the workshop during the manufacture of the 
gauges, and it is the aim of the mechanic to 
adjust the profile of the gauge until it is a 

light-tight ” fit to the check. The check 
itself must be accurate and should first be 
verified by optical projection and, if necessary, 
adjusted until its profile matches the enlarged 
drawing exactly. 

Larger form gauges which very often have 
symmetrical curved edges can be dealt with 
by the use of slip gauges and roller gauges. 
A form of gauge frequently met with on shell 
work is shown at A in Fig. 37, whilst the 



corresponding check gauge is shown at B in 
the same figure. If such a check gauge is 
available the gauge can be readily tested by 
trying the fit of the two together. In any 
case it is necessary to veiify the accuracy 
of the male check piece, and in addition to 
trying the fit of the check it is often desirable 
to ascertain the actual amount of the errors 
in the gauge itself. A method of measuring 
the two pieces is indicated in the figure, 
and it will he noted that the principle is 
practically the same as that used in the 
measurement of taper gauges (see §§ (9) and 
(10)). In the case of the female gauge, the 
distances between the rollers, when placed 
on various equal piles of blocks, are measured 
with block gauges : for the check piece, the 
distances over the rollers are measured with 
a micrometer. 

The calculation of the theoretical distances 
from the drawing dimensions of the gauge is 
simple. 

In the case of the female gauge we have 

B= v / (R-r) 2 -( H+r) 2 , 

and M, the theoretical distance between, the 
rollers, 

= 2b — 2R+W-2 r. 

If both gauges and check are available their 


symmetry can be checked by trying them 
together in both, positions. The symmetry 
can also be tested of each piece independently 
by taking diagonal measurements between or 
across a pair of rollers, one resting against the 
straight edge and the opposite one standing on 
the pile of gauges. 

§ (13) Position Gauges. — This type of 
gauge is most easily tested by means of check 
gauges. The check gauge is an accurate 

replica of the piece of work to be tested, but 
is made in such a form as to be capable of 
being measured with as little difficulty as 
possible. The check for the gauge shown, 
in Fig. 13 would be of the form shown in 
Fig. 38. The verification of such checks 

for position gauges usually 
involves a considerable 
number of measurements. 

The various steps in the 
process for this particular 
check would be as follows : 

(a) Measure taper portion 
of body, using method 
shown in Fig. 31. 

Measure parallel part with 
micrometer. Test concen- 
tricity of the two parts. 

( b ) Check diameters of holes A, B, and C by- 
measuring the diameters of plugs which fit 
them. 

(c) Test whether hole A is truly axial as at 
(a) in Fir/. 39. The block of gauges marked 




J.G. should be equal to the differences between 
the radii of the parallel part of the body and 
of the plug in hole A. 

( d ) Test whether axes of holes B and C 
pass through axis of body as at (6) in same 
figure. 

(e) Test parallelism of holes B and G with 
base and their heights as at (c). 

(f) Test right angle between pins B and G 
in plan as at (rl). The above case is fairly 
simple, as the only angle which has to be 
measured between the axes of the holes happens 
to be a right angle. A rather more difficult 
gauge is shown at (a) in Fig. 40, which also 
shows the various dimensions to be tested. 
The method of testing the offset of the pin 
and the angle of the slot in relation to it 
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is shown at ( b ) in the same figure. The angle 
of the pin with reference to the flat faces of 



Fig. 40. 

the gauge is measured by the method shown 
at (c). 

B. Standard Gauges 

Owing to the accuracy required on this class 
of gauge it is necessary to use some form of 
measuring machine, different types of which 
are described in Part V. § (71), etc. These 
machines enable the size of the gauge to be 
determined either directly by reference to a 
scale, whose calibration is known in terms 
of the primary standard yard or metre scales, 
or indirectly by comparison with a reference 
gauge whose size has been previously deter- 
mined against the same primary standards. 
The determination of the difference in size 
between a gauge and a reference gauge of 
approximately the same dimension is fairly 
straightforward. On the other hand, the 
standardisation of a gaugo with direct reference 
to a line standard is a more difficult matter, 
and greater precautions in the methods and 
care in the design of the apparatus have to 
be taken. The principles of the two systems 
of measurement are given below without refer- 
ence to the details of the measuring machines 
concerned. 

§ (14) Comparison or Gauges. 

(i.) Measuring Machine . — Before dealing with 
this subject it will bo necessary to explain 
briefly the principles of the measuring machines 
used. A diagrammatic sketch of the form 
most frequently used is shown in Fig. 41. It 



A 


FIG. 41. 

consists of a bed A, the upper surface of 
which is finished and whioh is provided with a 


headstock B and a tailstoek C. These fittings 
can be moved to any position of the bed and 
are provided with fixing clamps. The head- 
stock B carries some form of micrometer screw 
fitted with a graduated drum, by means of 
which it is possible to take readings to 
TTnjfo Troth part of an inch. This screw 
provides a means of measuring movements 
of one of the contact faces F x . The other 
face, F 2 , forms part of the tailstoek C. 
These faces are usually flat, parallel between 
themselves, and perpendicular to the axis of 
the bed. 

In measuring with an ordinary micrometer 
the screw is adjusted until a certain pressure 
is set up between the contact faces and the 
piece being measured, or until the piece feels 
a nice fit between the faces. Both these 
effects, however, depend upon the “ feel ” or 
“ touch ” of the particular user of the instru- 
ment, with the result that different observers 
measuring the same piece on the same micro- 
meter often obtain slightly different sizes. 
(These differences, which are due to the personal 
element, can be eliminated to a large extent 
by using the micrometer as a comparator, 
each observer taking an initial setting on a 
reference gauge.) When using a measuring 
machine, however, where the accuracy attain- 
able is much greater, it becomes absolutely 
necessary to eliminate the personal factor 
entirely by arranging that the settings shall 
be made in a mechanical fashion and inde- 
pendent of any consideration of the observer. 
For this purpose, measuring machines are 
provided with indicators in some form or 
other which operate by mechanical, electrical, 
or optical means. The tyjics in common 
use are referred to in the detailed description 
of various makes of machines given in Part 
V. § (71), etc. 

Returning to the method of comparing 
two gauges on a machine of the type shown 
in Fig. 41, the first operation is to arrange 
the headstock B so that the distance between 
the contact faces is approximately equal to 
the length of tlio gauges. Having clamped 
down both head- and tail-stocks, the reference 
gauge is inserted between the contact faces 
and the micrometer screw rotated continuously 
in one direction, until the indicator of the 
machine registers at its working position ; 
a reading of the micrometer is then taken. 
The unknown gauge is then substituted for 
the reference gauge and a similar setting and 
reading is made. The reading on the standard 
gauge is now repeated as a check on the 
constancy of the different, parts of the machine. 
If the settings have boon made correctly and 
if the machine is in good order, the difference 
between the readings on the two gauges gives 
the true difference that exists between their 
sizes. 
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(ii.) Conditions of Accuracy . — Several im- | 
portant factors have to be taken into 
consideration in order to obtain accurate 
results. The first is in connection with 
temperature. Now the normal temperature 
for standardisation in this country is 62° E. 
(16*67° Q), and the true size of the reference 
gauge would be known at this temperature. 
The size of the unknown gauge is also ascer- 
tained at this temperature by making use of 
the measured difference between the two 
gauges. In the case of two steel gauges of 
closely the same dimension, the difference 
between their sizes will be practically inde- 
pendent of the actual temperature at which 
the comparison is made, provided the two 
gauges at the time the measurements are 
made have a common temperature which 
does not differ from the normal temperature 
by more than a few degrees. Variation in 
the coefficient of expansion will affect the 
comparison somewhat, especially when dealing 
with long gauges, and for this reason the 
temperature of the room in which this class of 
work is carried on should be kept as nearly 
normal as possible. 

Generally speaking, so long as the tempera- 
ture of the room remains inside the range 
15° C, to 18° C., and does not fluctuate 
rapidly, no serious trouble will arise due to 
variation in coefficient of expansion when 
comparing steel gauges up to about 24 - in. 
in length. 

In any case, it is of the utmost importance 
to ensure that the two gauges shall have the 
same temperature at the moment they are 
measured. They must be cleaned and left to 
stand, preferably in contact with the bed of 
the machine, for at least an hour before any 
attempt is made to measure them. When 
inserting the gauges between the faces of the 
machine they must not he touched with the 
hands but should be held in a suitable clip 
having insulated handles. In addition, 
measurements should be made as rapidly as 
possible, so as to minimise the thermal effect 
due to the presence of the observer. 

When making a measurement on a fairly 
long, flat-ended gauge it is not an easy matter 
to set it correctly between the contact faces 
so as to avoid any <c cross-cornered ” effect 
which gives rise to a large measurement. 
To avoid this difficulty, such gauges are ground 
along their length on the cylindrical surface 
and the faces are finally lapped accurately 
square to the axis of the gauge. The gauges 
can then be allowed to rest during the measure- 
ment on a pair of suitable vee supports placed 
on the bed of the machine, care being taken to 
ensure parallelism between the axis of the 
gauge and the bed of the machine. Supports 
are not used for flat-ended gauges below about 
6 in. in length, as it is a fairly easy matter 


to set these shorter gauges between the 
faces. 

To obtain reliable results in the measure- 
ments it is essential that the faces of the gauge 
and of the machine should be free from any 
traces of dirt or grease. The faces should he 
cleaned and polished with clean, chamois 
leather and, finally, should be swabbed with a 
tuft of cotton-wool sprinkled with petrol or 
benzine. By watching the interference colours 
on the surfaces as the liquid evaporates it is 
easily seen whether the last trace of grease 
has been removed. 

Whenever possible, the reference gauge used 
in a comparison should he of the same type 
as the gauge to be measured ; in other words, 
flat-ended gauges should be compared with 
flat-ended reference gauges, plug gauges with 
plug reference gauges, and so on. By this 
method the effects due to imperfection in 
the contact faces of the machine are minimised. 
In certain special cases, however, it is necessary 
to compare flat-ended gauges with plug 
gauges, spherical gauges or balls. Consider 
the case of comparing a flat-ended gauge 
with a cylindrical gauge on a machine which 
has defective contact faces. The most 
frequent error found in the faces is lack of 
parallelism, and the effect of this error will 
be seen from Fig . 42. Contact is necessarily 
mad© on the flat 

parallel faces of the 
end gauge A by the 
extreme point on each 
of the measuring Tig. 42. 

faces. On placing 

the plug gauge B between the faces it might 
come in contact with the same points if its 
axis happened to be in a certain direction, 
but it is more probable that it would miss 
these highest points and make contact 

towards the centres of the faces. An error 
amounting to half the error of parallelism 
of the faces could thus be introduced into 
the results. In comparing a ball with a 

flat-ended gauge the conditions are worse, 
even apart from any consideration of elastic 
deformation of the ball due to pressure 
between the faces, for which a correction is 
ordinarily applied (§ (5) (v.)). 

Before carrying out any measurements 
where the highest accuracy is required it is 
of great importance, therefore, to test the 
contact faces of the measuring machine for 
flatness, parallelism, and squareness. The 
method of carrying out this test is described 
in § (79). 

When making a comparison between two 
gauges which do not differ by more than a 
few ten-thousandths of an inch, it is possible 
on some measuring machines to measure the 
difference accurately on the indicator when the 
latter has a certain range of action and is 





Gauges 


Sii 


provided with a divided scale which has been 
calibrated in terms of the divisions on the 
micrometer drum. If such a procedure is 
adopted, it is convenient to fit the micro- 
meter with some form of stop so that it 
can be fed up automatically and definitely 
to the same position on the two gauges in 
turn. The difference which exists between 
the latter is then registered on the scale of 
the indicator. 

In order to test slip gauges of the Johansson 
type, where the a'ccui'acy of the comparison 
with the reference gauges is required to an 
order of a millionth of an inch, special 
comparators have been designed and are used 
at the National Physical Laboratory. These 
machines have a range of only 0-0002 or 0-0003 
inch. They are devoid of micrometer screws, 
the difference between the gauges being 
registered by optical indicators. Descriptions 
of these comparators are given in §§ (82) and 
(83)., 

§ (15) Calibration op End Gauges in 
Sets. — It is usual to make end gauges in 
sets so that the lengths of the individual 
gauges follow a certain sequence. By this 
means it is possible to make use of the gauges 
both singly and also when built or wrung 
together to form a composite gauge. The 
method thus effects an economy in the 
number of individual gauges required to 
cover a certain range of sizes. The Johansson 
series of block gauges described in § (5) is 
an example of such a set of gauges. Another 
familiar series of gauges consists of the 
following sizes : 


36-in. gauge. This would involve the following 
comparisons : 

36 + 24 with 30 + 30, 1 
36 + 18 with 30 + 24, 

36 + 12 with 30 + 18 and 24 + 24, 1 
36 + 6 with 30 + 12 and 24 + 18, 

36 with 30 + 6 and 24 + 12 and 18 + IS, 1 
30 with 24+ 6 and 18 + 12, 

24 with 18+ 6 and 12 + 12, 1 
18 with 12+ 6, 

12 with 6 + 6. 1 

The results of these comparisons can be put 
in the form of fifteen observational equations, 
such as 

36 + 24 “ 30 + 30 + cq, 

36 + 18 = 30 -I- 24 + a 2 , and so on, 
where a x , a» are the measured differences. 

Now, if 

30 = ft x 36 + a x , 

24 = § x 36 + a 2 , 

1 8 = x 36 + 0.3, 

12 = ■J- x 36 + a 4 , 

6 ™ ft x 36 + ct B , 

it is possible to determine the values of 
ttj, a.o, a 3 , a 4 , and a B by solving the obser- 
vational equations by the method of least 
squares. These values give the calibration 
errors of the five gauges in terms of the 
36-in. gauge. 

The series of gauges from 1 up to 12 in. can 
be calibrated in a similar manner in torms of 


1, 2, 3, 4, 5, 0, 7, 8, 9, 10, 11, 12, 18, 24, 

30, and 36 inches. 

The measuring faces of such gauges should 
be either accurately flat, as in the Johansson 
blocks, so that two or more gauges can be 
wrung together, or else they should be of 
true spherical form to allow the gauges to be 
built together when placed in lino on suitable 
supports. Under those conditions it would 
be possible to obtain from such a sot a gauge 
of any inch size up to an order of 60 in. 
or more. 

The provision of end gauges in sets is also 
of considerable service in their initial 
standardisation. It is possible by suitable 
means to intercompare the gauges so as to 
obtain the length of each in terms of that of 
the longest gauge of the set. The absolute 
length of the latter can be determined by one 
of the methods described in § (17), and from 
this the lengths of the individual gauges are 
readily obtained. 

Taking the series of gauges up to 36 in., 
referred to above, the first step in the inter- 
comparison would be to determine the 6, 12, 
18, 24, and 30 in. gauges in terms of the 


the 12-in. gauge, and, since the value of the 
latter is known with, reference to the 36 in. 
gauge, it is possible to state the calibration 
errors of the other eleven to the same basis. 

Some interesting work has recently been 
done at the Bureau International, Sevres, on 
the measurements of block gauges. An ac- 
count of this will be found in vol. xvii. of the 
Travaux et Memo-ires of that institution. 

§ (16) Measurements op Spheric al-ended 
Gauges and Balls under Compression.— 
When a steel ball or an end gauge having 
spherical ends is placed between the parallel 
flat faces of a measuring machine, and the 
latter are arranged so as to just touch the 
spherical surfaces, the contact will take 
place at two theoretical points. If a com- 
pressive force is now applied between the faces 


1 For the purposes of these particular comparisons 
it is helpful to malic use of gauges from a second 
set. The relation between the nominally equal 
gauges of the two sets should be obtained by pre- 
liminary comparison. If a second set is not avail- 
able, the duplicate gauges may be formed from two 
others of the same set, «.</. the second 30 gauge can 
be obtained by building together the 24 and 0 or 
the 18 and 12. The relation of either of those 
combinations to the 30 is obtained in a later 
comparison. 
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- — a condition which, arises in practically every 
measuring machine — then the spherical sur- 
faces will become slightly distorted ; the 
points of contact become small circular areas 
which are capable of resisting the compressive 
force. This distortion makes an appreciable 
difference to the measured length over the 
spherical surfaces, the difference being usually 
considerably greater than that produced by 
compression along the length of the gauge. 
When two or more spherical-ended gauges are 
placed end to end, the compression takes 
place, not only at the extreme surfaces, hut 
also at the surfaces of contact between the 
individual gauges. The actual amount of 
elastic deformation depends upon the force, 
the diameters of the spherical surfaces, and the 
elastic constants of the material. 

The elastic diminution in length of a number 
of spherical-ended steel bars placed end to end 
and enclosed between a pair of flat parallel 
faces under an axial pressure of P lbs. weight 
is given in inches by 

0-000016XP *[(£)*+(£+>)* 



where d x , d 2 , . . . d n denote the diameters 
of the spherical ends of the bars in inches. 1 

In the case of a single steel ball of diameter 
d in. the compression becomes 


O' 0000321 x P a x inches. 


§ (17) Standardisation of End Gauges 
by Comparison -with Scales. — The primary 
standards of length in this country, the yard 
and the metre, are defined as “ fine ” measures, 
and all gauge measurements which are in the 
nature of “ end ” measures must be based 
on these standards. It is not necessary 
that every gauge should he measured with 
reference to a standard scale, in fact it would 
be inconvenient to do so ; all that need be 
done is to standardise once and for all in a 
very accurate manner a single end gauge, 
which for convenience may be a yard or a 
metre in length, by comparison with the 
primary line standard. From this gauge it is 
possible by methods of subdivision to obtain 
the individual sizes of a complete series of 
end gauges, 2 which then serve as reference 
gauges, and from these, other gauges can he 
determined by direct comparison. 

The standardisation of a yard end gauge 
from the line standard constitutes one of the 
most interesting problems in the science of 


1 Journal Inst. Mech. Engrs., 1920, p. 915 
Miscellaneous Papers (Macmillan), 1896. 

-See §(15). 


Hertz, 


metrology. Some of the methods available 
are described below. 

Method I . — For this determination a gauge 
A {Fig. 43) is used. This gauge is 36J- in. in 



length and has flat parallel end faces which 
have a lapped finish and to which are wrung 
two small rectangular blocks B and G, each 
half an inch in length. The end faces of these 
blocks are finished flat and parallel and have 
wringing surfaces. The upper surface of each 
is polished and has a fine line scribed on it 
approximately half-way along the length and 
in a direction parallel to the end faces. The 
depth of the short blocks is only half that of 
the gauge, so that when wrung together with 
the bottom surfaces of the three in lino the 
upper surfaces of the blocks are on the neutral 
plane of the gauge. 

The distance between the lines will be 
approximately 36 in. and it is compared in the 
usual manner with a standard yard scale, using 
a line standard comparator of the type referred 
to under “ Line Standards.” The inner tank of 
the apparatus is used simply as an air-bath in 
this case, as it is not possible to immerse the steel 
gauges in water. A number of comparisons are 
made wringing the two blocks on to the ends 
of the gauge in all possible manners in turn. 
As arranged in Fig. 43, the distance between 
the lines is (L + a + c). Suppose the measure- 
ment of this distance as determined from the 
comparison with the line standard is M t , then 
we have 

{~L + a+-c)—M. x (1) 

By reversing the blocks in turn we can obtain 
three other equations, 

(L + 6 + c)=M 2 , . ... (2) 

(L + b+d)=M 3 , . . , (3) 

(Ij+cz -i-cZ) =M 4 . . . . (4) 

From (1) and (3) we have 

L + Ha + b + c + d) = 1 (M x + M 3 ), 
and from (2) and (4) we have 

L + i(o + b + c + d) = £(M S H- M 4 ). 

This double determination of the length of 
the gauge plus the mean length of the two 
blocks gives incidentally a check on the 
accuracy of the measurements. Taking a 
mean of the four measurements we have 

L + i(a + b + c 4 - d) =i(M t +- M 2 + M 3 + M 4 ). 
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The measurements are repeated after turn- 
ing the gauge A upside down and the results 
incorporated with those obtained in the original 
position. 

It is not necessary to determine the lengths 
of the short blocks separately, since for all 
subsequent purposes for which the gauge will 
be used it would be possible to take two 
measurements on it, with each block wrung 
on in turn. The mean of these two measure- 
ments is clearly the length which has been 
standardised. For the sake of simplicity it 
could be arranged to make the two blocks 
equal in length to a millionth of an inch, in 
which case the standardised length becomes 
equal to the length of the gauge with either 
of the blocks wrung on. 

Method II . — Gauges of special design, as 
shown in Fig. 44, are used for this determina- 
tion. They consist of 
cylindrical bars about 1 
in. diameter, having the 
ends carefully finished to 
spherical surfaces of a 
large radius of curvature. 
A hole about J in. dia- 
meter is drilled diametrically at the centre of the 
bar and a taper plug, whose length is equal to 
the radius of the rod, is fitted into the hole 
from one end as shown in the diagram. The 
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Taper Plug 
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FlO. 44. 


upper surface of this plug is polished and has 
a line scribed across it, the direction of the 
line being at right angles to the axis of the 
bar. Three such bars are required, each 
36 in. in length. 

Two of the bars, A and B, are placed in 
an accurately made vee trough so that their 
inner ends are in contact (Fig. 45). The trough 





FIG. 45. 



containing the gauges is placed on one of the 
girders of a line standard comparator, of the 
same type as referred to in Method I. The 
length L between the lines on the plugs is 
then compared with a standard yard scale, 
which is placed on the other girder, thus 
obtaining a measurement M x . The bars A 
and B are then reversed in turn, and a measure- 
ment is made in each position. Having made 
the three possible measurements on this pair 
of bars, the third bar 0 is exchanged for B and 
another set of measurements taken between 
the bars A and C. Finally, a set is made 
between B and C. 

Referring to Fig. 45, we shall have nine 
measurements as follows : 


Bars A and B. 
b + c =M X 
6 + d=M a 
ct -f* d “IMg 


Bars A and C. 
b + e= M 4 
b+f = M b 
<*+/ = M 0 


Bars B and C. 
jf 4 * c = M 7 
/ 4- d = M a 
c 4 d = 


where M x , M 2 , etc., represent the actual lengths 
obtained in the comparisons with the standard 
yard scale. 

The six unknown quantities a, 6, c, <#, e, 
and / can be obtained from these nine equa- 
tions by using the method of least squares, 
and consequently the total length of each of 
the three gauges can be readily obtained. 

Asa check on the results, the lengths of the 
bars can be intercom pared in an end-measuring 
machine and their differences compared with 
those obtained from the results of the above 
method. 

Method III . — In the two methods just 
described it is necessary either to provide 
the gauge with special attachments or else 
to have more than one gauge of the same 
length. It is possible, however, by means of a 
special type of measuring machine to make a 
direct comparison between an end gauge and 
a standard scale. The general arrangement 
of the machine is shown in Fig . 40. One 
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measuring face is attached to the micrometer 
hcadstock and the other to a sliding carriage 
which supports a standard scale, the graduated 
surface of which is directly in line with the 
measuring faces. A microscope provided with 
a pair of parallel wires in the eyepiece is held 
above the scale in a rigid bracket fixed to the 
bed of the machine. 

When making a determination, the zero 
line A of the scale is sot under the cross wires 
of the microscope and the carriage is then 
clamped to the bed. The two measuring 
faces are now brought into contact by means 
of the micrometer screw and a reading is 
taken on the hcadstock. The carriage is then 
moved along the bed until the line B on the 
scale, which corresponds with the length of 
the gauge, arrives exactly under the cross 
wires and the carriage is again clamped. 
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The gauge is now inserted between the faces 
and a further reading of the micrometer taken. 

Assuming the bed of the machine is straight, 
the distance traversed by the left measuring 
face will be equal to the length between the 
two lines A and B on the scale. If this length 
is denoted by L, the length of the gauge as 
G, and the two micrometer readings as R x , R 2 
respectively, we have 

G=L + (R 2 -R 1 ). 

The lengths of the scale and the gauge 
refer to their particular temperatures at the 
time of the observations, and, in order to 
deduce the length of the gauge at 62° F., it is 
necessary to know their coefficients of expan- 
sion and to make careful measurements of the 
temperature of both the gauge and the scale 
whilst the observations are being taken. It 
is usual to employ an Invar scale for this 
determination since, owing to its very low 
coefficient of expansion, any small uncertainty 
in the measurement of its temperature will 
not introduce an appreciable error into the 
results. "With a steel gauge, however, an 
uncertainty in the temperature as small as 
0-1° C. gives rise to an error of approximately 
one part in a million on the length. 

Imperfections in the contact faces of the 
machine may lead to considerable inaccuracies 
in the measurements. These errors can he 
reduced by having spherical-shaped ends to 
the gauge to be measured, although this would' 
not eliminate the effect due to lack of 
parallelism of the faces when they are brought 
together for the zero setting. To avoid this 
possible inaccuracy the following procedure 
may be adopted. 

Suppose we wish to determine the length 
of a 36-in. gauge. Take, in addition, two 
18-in. gauges and compare on a measuring 
machine the sum of their lengths with that 
of the longer gauge, by putting them end to 
end. Let the small difference he e, as defined 
by the equation 

36 = 18(a) + 18(6) +e. . . (1) 

Now measure the absolute difference between 
the 36-in. gauge and each of the 18-in. gauges 
in turn against a standard scale by the 
method described above, except that it will 
not he necessary to bring the measuring faces 
into contact. We shall then have 

36 = 18(a) +M X , . . . (2) 

and 36 = 18(6) +M 2 , . . . (3) 

where M* and M a are the absolute lengths 
measured against the scale. 

Subtracting (1) from the sum of (2) and (3) 
we obtain the equation 

36=M 1 + M 2 — e, 

which gives the absolute length of the 36-in. 
gauge in terms of known measurements. 


The accuracy of the method of comparing 
the length of an end gauge with that of a scale 
as illustrated in Fig. 46, is governed to a large 
extent by the accuracy of the movement of 
the carriage to which the measuring face is 
fixed. This movement depends upon the 
straightness of the bed of the machine, which 
will always be imperfect to some degree. 
Whatever the errors in the bed may be, the 
translation of the carriage from one position 
to another can always he resolved into a linear 
and a turning or twisted motion. The greater 
the errors in the bed the larger the turning 
motion of the carriage will become. Referring 
to the design of machine illustrated in Fig. 46, 
the effect of this motion on the accuracy of the 
measurements is illustrated in Fig. 47, which 
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shows the scale and the measuring face in 
two positions corresponding to settings of the 
microscope on two lines a and 6, the actual 
distance between which is l. The effective 
translation of the measuring face is represented 
by the distance d. If the tilt of the scale 
between the two positions is 6 and if the 
distance of the measuring face from line a, is 
Ij, then we have 

d — l cos 9 -t-L(l — cos 0). 

The difference between the actual movement 
of the measuring face and the length as given 
by the scale, i.e. the error introduced into the 
measurement, is 

d - 1= (L - Z)(l - cos 6) 

=&CL-l)0 2 

approximately, since 6 is small. Assuming 
that the bed of the machine is reasonably 
straight, the error in the measurement in 
this case is one of the second order and can bo 
ignored in this particular arrangement, where 
the scale is directly in line with the gauge 
being measured. 

Consider now the case when the scale is 
not in line with the axis of measurement as 
given by the line joining the contact faces of 
the machine. We could still utilise the scheme 
of fixing the microscope and move the scale, 
or, what is sometimes done in actual practice, 
fix the scale to the side of the bed and attach 
the microscope to either the head or tail stock, 
according as to which is made to move. The 
two arrangements are alike from a theoretical 
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point of view. The latter scheme is illustrated 
in Fiy. 48, and shows the effect of tilting the 
carriage holding the microscope through an 
angle 6. 

The difference between the effective move- 
ment d of the measuring face and the length l, 
as given by the distance between the two lines 
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a and b on the scale, is equal to hxO if 0 is 
small, where h is the vertical distance between 
the measuring face and the scale. 

A twist of the carriage in the horizontal 
plane due to lack of straightness of the sides 
of the bed will produce a similar effect. 

This error is of the first order of magnitude, 
and with this design of machine the surface 
of the bed needs to be exceptionally straight 
to limit the error to even 0*0001 inch. 

When designing any form of measuring 
machine, careful consideration should be given 
to the alignment of the axis of the gauge or 
whatever is to be measured with the axis on 
which the actual measurements are taken. 


III. MEASUREMENTS OF SCREW GAUGES 

§ (18) Elements of a Screw. — Screw 
threads of Whitworth form have seven 
elements, errors on any one of which may 
be sufficient to cause a gauge to reject work 
which ought to pass, or vice versa . These 
elements are : 

Full (or major) diameter. 

Core (or minor) diameter. 

Effective (or pitch) diameter. 

Pitch. 

Angle. 

Radius at crest. 

Radius at root. 

The definitions of these elements will be 
found under the theoretical considerations 
of screw threads. 1 

Screw gauges have to he measured and 
examined to ascertain whether their dimen- 
sions lie between the specified limits. Con- 
sidering the case of a plug screw gauge, this 
can be tested on the higher limit by screwing 
into a check ring gauge whose dimensions con- 
form to those of the high limit. If the gauge 

1 See “Metrology,” Part VII. §§ (23) et seq. 


refuses to pass through this ring it is clearly 
too large at some particular part of its profile, 
and it becomes necessary to measure it in 
detail to locate this error. Even if the gauge 
passes the check ring we have still to ascertain 
whether the gauge is everywhere above the 
lower limit, and this again involves a detailed 
examination of its various elements in turn. 

The provision of ring check gauges is an 
expensive matter, and moreover, as it is 
possible from the individual measurements 
of the elements — and these measurements, 
as will he seen later, are necessary to check 
the minimum dimension — to ascertain whether 
the gauge is below the upper limit, the use 
of check rings is practically limited to cer- 
tain particular sizes of gauges of which large 
numbers have to be tested. 

Ring gauges present rather a different case 
owing to the fact that it is not such an easy 
matter to make accurate measurements of the 
various elements as in the case of the plug 
gauges. They are usually tested between the 
limits by a series of plug cheeks, as will he 
described later. 

§ (19) Mechanic An Measurements of Plug 
Screws, (i.) Full Diameter . — The measure- 
ment of the full diameter over the crests of 
the threads is usually made with an ordinary 
micrometer held in the hand, or by placing 
the screw between the jaws of a measuring 
machine, which, to avoid compressing the 
crests of the threads, should have a working 
pressure of something less than 2 lbs. weight. 
When making use of an ordinary micrometer, 
a comparative reading should also be taken 
on a standard plain plug of closely the same 
size as the screw. This method eliminates to 
a large extent the effect of both zero and 
progressive errors in the screw of the micro- 
meter. The Hoffmann roller-gauges described 
in § (5) (v.) serve admirably as setting plugs 
for measurements not exceeding 1J in. 

(ii.) Effective Diameter.— The effective dia- 
meter of a j>lug screw can be measured 
mechanically either with a micrometer provided 
with special contact faces, or by the use of 
small cylinders or wires of suitable size placed 
tangentially between the threads. The latter 
method is usually considered to be the more 
accurate and is generally adopted in gauge 
work. 

(iii.) Screw Thread Micrometers .— The con- 
tact faces of micrometers for screw thread 
measurements take the form shown in Fiy. 49. 
The end of the micrometer spindle A is 
ground conical and is suitably rounded off at 
the point ; the anvil R has an internal vee 
which fits over the thread of the screw to be 
measured. The angles of the cone and the 
vee are made equal to the theoretical angle 
of the screw thread. The anvil can rotate 
about its axis so as to allow the vee to accom- 
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modat© itself to the rake angle of the thread. 
When the spindle of the micrometer is screwed 
up to bring its conical point into the vee the 
reading is then zero ; consequently, when the 
contact points are set so that a screw will just 



pass between them, as in Fig . 49, the read- 
ing gives the effective diameter of the screw 
direct. 

Taking a micrometer with a particular pair 
of contact faces, it is generally possible to use 
it over a limited range of consecutive pitches 
of threads, at the same time maintaining con- 
tact on the flanks of the threads only. The 
limit is reached in one direction when the points 
of the anvil foul the roots, and in the other 
■when the conical point barely enters the space 
between the threads. 

For this reason it is 
necessary to have a 
number of micrometers, 
each wdth different size 
contact faces, in order to 
cover a whole range of 
pitches. 

(iv.) The Wire Method . 

— The general principle 
underlying the second 
method of measuring the 
effective diameter is 
shown in Fig. 50, which 
illustrates three different forms of screw 
threads having the same full and core 
diameters, pitch, and angle. The first is 
a normal, symmetrical thread ; the second 
has the threads thicker than the spaces and 
consequently has a large effective diameter, 
whilst the third has thin threads and a small 
effective diameter. If small cylinders of suit- 
able size are now allowed to rest tangentially 
between the threads on opposite sides of the 
screw as shown, it is clear that the diametral 
measurement M, over the cylinders, will be 


different in each case. From the definition of 
effective diameter and the geometry of the 
figures, it follows that the difference between 
the measurement over the cylinders and the 
effective diameter is the same in each ease 
provided the same size cylinders are used 
throughout. The actual value of this differ- 
ence, which we may call K, depends upon the 
diameter of the cylinders and flic pitch and 
angle of the thread. Thus we have effective 
diameter = M — K. 1 

If the actual angle of a screw thread is 
known, and its particular value is used in 
calculating the constant K, it is possible to 
obtain a measurement of the true effective 
diameter of the screw by using a set of 
cylinders of any size, provided they make 
contact somewhere on the flanks of the thread. 
Measurements of the effective diameter of 
a screw obtained from sets of cylinders of 
different sizes should agree if the appropriate 
constant is applied for each set. It is the 
general practice, however, to select cylinders 
of such a size that they make contact at ap- 
proximately half-way down the flanks of the 
particular pitch of thread. The measurement 
of the effective diameter from such cylinders 
is not influenced by errors in the thread angle, 
and consequently it is not necessary to know 
the actual angle of the thread. 

It is essential that the measurement M 
{Fig. 50) should be made perpendicular to 
the axis of the screw ; consequently, when 
using a micrometer held freely in the hand 
it is necessary to place two cylinders on 
one side of the thread in order- to set the 
micrometer square. This system of meastire- 


Fig. 50 

ment gives rise to the term three- wire 
measurement of screws.” Certain special 
machines have been designed at the National 
Physical Laboratory in which the micro- 
meter is set and maintained perpendicular to 
the axis of the screw but is left free to move 
in the direction of its own axis. These* 
machines, usually known as cc floating micro- 
meter machines,” are described in § (23). 
With these machines, one cylinder only m 

1 Formulae for calculating- the value of the con- 
stant J£ for particular cases are given in § (63). 
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required on each side of the thread, as shown 
in full line in Fig . 50. 

It is essential that the small cylinders or 
wires (which can be made conveniently by 
lapping down ordinary sewing needles) should 
be truly cylindrical over the central portion 
which comes in contact with the thread. The 
diameter of this portion must be accurately 
measured before the corresponding constant 
can be calculated. It is interesting to note 
that the value of this constant (which has to 
be subtracted from the measurement over the 
cylinders to give the effective diameter) in- 
volves a term which is approximately three 
times the mean diameter of the cylinders. Any 
error in determining the latter thus becomes 
trebled in the final result obtained for the 
effective diameter. To avoid this accumula- 
tion of error, it is preferable to measure the 
distance T, under the cylinders (see Fig . 50). 
By this means the error in the measure- 
ment of the effective diameter due to this 
cause is reduced to one of practically 
the same magnitude as that involved in 
the determination of the mean size of the 
cylinders. 

The method of obtaining the measurement 
T, under the cylinders, is shown in Fig . 51. 



A plain plug gauge of approximately the same 
diameter as the screw is taken, and a micro- 
meter measurement is first made over this 
plug with the small cylinders included as 
shown at A. The cylinders arc then trans- 
ferred to the screw, as at B, and a second 
measurement is made. The dimension T, 
for the screw, is then readily deduced from 
the known size of the plain plug gauge and 
the difference between the two micrometer 
readings. 

(v.) Sources of Error. — There are one or 
two points to be observed in connection with 
the measurement of effective diameters by 
standard wires and by the type of micrometer 
fitted with special anvils described above. The 
former method gives what may be called the 
net effective diameter, when the sizes of the 
wires used are such that they touch the flanks 
of the threads at the half depth. Any errors 
present in the angle affect the measurement 
only to the second order of accuracy ; errors in 
pitch, either progressive or periodic, also have 


quite a minor effect on the measurement. If 
it is desired to ascertain the virtual effect- 
ive diameter of the screw, i.e. the effective 
diameter of a perfect nut into which the 
plug will just fit, it is necessary to augment 
the net effective diameter by amounts corre- 
sponding to the errors present in the angle and 
pitch. 

On the other hand, the readings given by a 
“ thread ” micrometer are influenced consider- 
ably by errors in angle, or periodic errors in 
pitch. The internal vee on the anvil and the 
conical-ended spindle may be roughly con- 
sidered as forming portions of the screw thread 
of a split nut which are closed round the screw. 
It should be observed that in screw gauges as 
ordinarily made, the angular space between 
the threads lias a constant form, since it is 
the form of the nose of the cutting tool. This 
space is unaffected by errors either of a pro- 
gressive or periodic nature which may be 
present in the pitch. Such errors, however, 
have their influence upon the thread itself, 
apart from the space. It is clear that if 
the pitch between two spaces happens to 
be too long, then, since the spaces are 
of constant width, it follows that the inter- 
mediate thread must be thicker than the 
average. Such variation in the thickness of 
the thread is produced by periodic changes 
in the pitch. 

Now, in the case of standard wire measure- 
ments of the effective diameter, the depth to 
which the wire sinks into the screw depends 
upon the width of the space between the 
threads as is shown in Fig. 50. Variations 
in thread thickness due to errors in intch 
will not be noticed. When using a thread 
micrometer, however, whore the measurement 
on one side of the screw is obtained from the 
contact of an internal vee piece which fits over 
the thread , it is clear that variations in the 
thread thickness will have their effect upon 
the measurements. As the other contact 
face is a truncated conical point which 
fits into the space between the threads, the 
radial position of this point will not vary 
when measurements arc made at different 
threads. Without following the matter 
further in detail it will be appreciated that 
in cases where the pitch is variable the 
readings of a thread micrometer need to be 
carefully interpreted. 

If no errors exist in the angle or pitch, then 
the two methods referred to should give 
exactly the same value for the effective 
diameter. It is essential, of course, that the 
contact points should have the correct angle 
and form, as such errors will produce false 
readings even on a good screw gauge. 

(vi.) Gore Diam etcr.—Y ! h e core diameter, 
which is the diameter at the roots of the 
threads, is measured with a micrometer, using 
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special vee-shaped pieces {Fig. 52) between the 
measuring faces and t>he screw. These pieces, 
which are of hardened steel, 
H have the angle between the 

sloping sides somewhat less than 
1 the thread angle, and the junc- 

tion of the faces is rounded off 
to such a radius that the piece 
oan rest on the root of the 
thread. The back surface is 
finished accurately flat and 
parallel to the rounded edge. It 
is usual to make these vee pieces 
in about four sizes to accommo- 
date all the usual pitches of 
threads. 

Fig. 52. The method of making the 
measurement of core diameter 
is shown in Fig. 53. A micrometer 
measurement is first made over a plain 
plug gauge with the vee pieces inserted as 
shown at A. A second measurement is then 
taken with the same vee pieces placed in the 
thread as at B. The core diameter is then 
obtained by adding to the known diameter 
of the plug gauge the algebraical difference 
between the two readings. It should be noted 


i 

i 

) 





that the thickness of the vee pieces need not 
be measured. If the measurements are made 
with a freely held micrometer, it is necessary 
to have two vee pieces for one of the contact 
faces to rest on in order to set the instrument 
square to the axis of the plug or screw. The 
floating micrometer type of machine described 
later requires only one vee piece for each meas- 
uring face of the micrometer. 

(vii.) Standard Reference JBars for Screw 
Measurement . — When making a large number 
of plug screw gauges of the same size it some- 
times simplifies matters to make a reference 
bar for the effective and core diameters. Such 
a bar can conveniently take the form shown 
in Fig . 54. It consists of two hardened steel 
washers with bevelled edges ground and 
lapped to exactly half the thread angle and 
mounted on an arbor. If a thread-grinding 
machine is available the bar can be made solid 
and the vee groove ground in one end. The 
vee groove is measured with standard wires 
as if it were part of a screw thread and its 
6C effective diameter ” obtained. 


It is useful to grind the groove until its 
diameter is equal to, say, the nominal effective 
diameter of the screws to be made, although 
this adjustment is not absolutely necessary. 
The cylindrical portion A is finished by grind- 
ing and lapping, and its diameter in turn 



may be made equal to the nominal core 
diameter of the screw gauge. After stand- 
ardisation, the bar should be marked with 
the exact diameter A, and the “ effective 
diameter’ 9 of the groove, together with the 
pitch for which it is intended. 

To measure the effective diameter of a screw 
all that is necessary is to mount the bar 
and the screw in the floating micrometer 
machine in turn and to obtain a micrometer 
reading over a pair of suitable size needles 
when placed in the groove or thread. The 
exact diameter of the wires need not he known, 
but it is quite important that they should be 
accurately cylindrical. The calculation of 
the effective diameter of the screw is very 
simple, e.g. if the micrometer reading over the 
wires when in the screw thread is 0*001 in. 
larger than when in. the reference groove, the 
effective diameter of the screw is that amount 
larger than that of the bar. The same method 
applies to the core diameter measurement. 

§ (20) Test ok Cokcektbioity of Pia- 
meters. — In making a plug screw gauge a 
common practice is to finish the flanks and 
roots of the thread simultaneously with one 
tool, grinding wheel or lap. The full diameter, 
however, is often finished as a last operation. 
The result is that although the effective and 
core diameters are usually accurately con- 
centric, the full diameter sometimes is appreci- 
ably in error in this respect with regard to the 
other two diameters. In examining screw plugs 
it is necessary that this point should be tested. 

The test of concentricity of the diameters 
is readily made on the floating micrometer 
type of machine. To test th© concentricity of 
the full and effective diameters, a number of 
measurements are made over* the screw with 
a standard wire placed between the thread 
and the micrometer face, the measuring face 
of the anvil being in direct contact with the 
full diameter of the screw. If the measure- 
ment is constant as the screw is revolved it 
proves that the concentricity is good. To 
avoid errors due to bad centring of the screw, 
a special anvil should be used which has its 
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measuring face reduced in diameter to about 
0-05 in., so that for all ordinary pitches it 
rests on only one crest of the thread. 

The concentricity between the full and core 
diameters is tested in a similar manner, a 
single vee piece being used instead of the 
standard wire. 

§ (21) Angle oe Flanks oe Thread. — The 
angles of the flanks of the thread are most 
readily measured by the use of microscope 
and optical projection machines as described 
in §§ (33), (68), and (69). It is possible, how- 
ever, to obtain fairly close measurements of 
the total angle by taking measurements of the 


as described in § (33), or on a projection 
apparatus as described in §§ (68) and (69). The 
latter method provides a means of making an 
accurate comparison of the actual form of the 
thread with that of the standard form. 

§ (23) Measuring Machines eor the 
Efeective and Core Diameters oe Plug 
Screws, (i.) Floating Micrometer Measuring 
Machine . — ThiB form of machine for measuring 
the effective and core diameters of plug screw 
gauges was designed at the National Physical 
Laboratory early in 1916, and has been made 
in large numbers by Messrs. Taylor, Taylor 
& Hobson of Leicester. 



effective diameter with two or more pairs of 
standard wires which differ in diameter and 
which will consequently touch the flanks of 
the thread at different depths. The theory 
underlying this point is discussed in § (63). 
It should be noted that it is not possible by 
this method to obtain the errors in the angles 
of the individual flanks. The method of 
using more than one pair of cylinders gives a 
ready check not only on the value of the 
effective diameter, but also of the straightness 
of the flanks and the total angle of the thread. 

§ (22) Roundings at Crests and Roots, 
and General Form oe Thread. — There is no 
satisfactory mechanical means of examining 
the general form of the thread of screw gauges. 
This very important part of the test, however, 
can be made very readily by optical methods 
either in the microscope form of apparatus 


A general arrangement of the machine, 
which will accommodate plug screw gauges 
up to 2 in. in diameter, is shown in Fig. 65. 
It consists mainly of three parts, the bed 1, 
the intermediate slide 2, and the micrometer 
carriage 3. 

The bed carries a pair of centres, 4, for 
supporting the gauge, which is capable of 
being clamped in position. The intermediate 
carriage 2 can slido along the bed and is 
constrained to a straight line motion by virtue 
of the two longitudinal vee grooves in the bed. 
One of these grooves forms a guide for the pair 
of conical-ended studs 5, which are fixed at 
one side of the carriage ; the other side is 
supported by its flat under - surface resting 
on a steel ball 6 placed in the second longi- 
tudinal groove in the bed. 

The upper surface of the carriage 2 is 
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provided -with a pair of parallel vee grooves 
at right angles to the line of centres. These 
grooves form a guide for the micrometer 
carriage 3* 'which, rests on steel balls 6, the 
tinder surface of the upper carriage being 
provided -with, a suitable vee groove and flat 
surface. In this manner it is possible to move 
the micrometer carriage along the bed with a 
fairly free motion by sliding the lower carriage, 
and it can also Tbe moved quite freely in a 
transverse direction by virtue of the rolling 
contact on the balls. 

The two upright parts of the micrometer 
carriage 3 are bored in line to take an adjust- 
able plunger 7 and a micrometer head 8 
respectively. The measuring faces of the 
plunger and micrometer head are lapped flat 
and accurately square to the axes of the parts 
so that they lie accurately parallel in all 
positions. The plunger is a good sliding fit 
in its hole and, being provided with a knurled 
head, its position can be set to a nicety before 
it is clamped. The shank of the micrometer 
head is definitely clamped in position. The 
micrometer head consists of either Brown & 
Sharpe or Starrett standard make provided 
with a specially enlarged aluminium barrel and 
thimble, which was designed at the National 
Physical Laboratory. The thimble is gradu- 
ated into 125 parts, each division representing 
0-0002 in., and by this means it is possible 
to take readings to 0*0001 in. with certainty. 
Two suitable supports 9 are fixed to the 
micrometer carriage from which the standard 
wires, or vee pieces, are suspended. 

It is essential that the common axis of the 
micrometer and plunger should be accurately 
square to the line of centres, and provision is 
made for making this adjustment. One of 
the conical-ended studs 5 in the intermediate 
carriage has its parallel shank eccentric to 
the cone. A screw-driver slot in the top allows 
the stud to be rotated, and so alters the direction 
of the micrometer axis over a small range with 
respect to the bed. The movable stud can 
be clamped finally by means of the tightening 
screw shown. 

To test whether the adjustment is correct 
a well-centred plain plug gauge is mounted 
between the centres, and a standard wire of 
any convenient size is suspended on each side. 
With the plunger clamped in a suitable position 
a measurement is made over the two wires 
and the plug when placed as shown at A in 
Fig . 56. The measurement is repeated after 
changing the wires into the position, shown at 
B in the same figure. If the axis of the 
micrometer and plunger is accurately square 
with the line of centres the two measurements 
will be the same- If a discrepancy occurs a 
further adjustment of the stud 5 is required. 

It should be noted that this machine is not 
provided with any form of indicator for use 


when making settings. The micrometer is set 
by the method of “ feel <fi or “touch,” the 
thimble being rotated until it is felt that con- 
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tact is made between both measuring faces and 
the gauge. This method gives quite a definite 
reading to an order of less than 0-0001 in., 
provided the micrometer head runs freely and, 
above all, smoothly. The variation of the 
“feel” between different observers is elimin- 
ated by using the machine as a comparator 
only, Le. a preliminary measurement is made 
on a plain plug gauge of known diameter, 
as described in § (19). Incidentally, this 
method eliminates the effect of progressive 
errors in the run of the micrometer head, 
providing a standard plug is chosen whose 
size approximates to the diameter of the 
screw being measured. 

When taking measurements on a screw, the 
setting should be repeated in a number of 
places both round and along the screw so as 
to detect any lack of circularity or parallelism. 

In the measurements of the effective and 
core diameters, as described in § (19), it is im- 
possible to arrange the two standard wires or 
vee pieces to be diametrically opposite ; they 
must necessarily be separated axially by at 
least half the pitch of the screw being measured. 
Nevertheless, the measurement made in the 
machine is a true diametral dimension sine© 
the axis of the micrometer is constrained to 
that direction ; the micrometer carriage can- 
not tilt round so as to measure obliquely over 
the pair of wires or voes. 

(ii.) Tilting Micrometer Machine . — Another 
type of machine which can be used for 
measuring the effective and core diameters of 
plug screw gauges is shown in Fig. 57. This 
machine was also designed at the National 
Physical Laboratory. The gauge is held 
between centres as before and the measure- 
ments are made with a standard type of 
micrometer 1 attached in a vertical position 
to a carriage 2, which is capable of tilting 
about an axis parallel to the line of centres. 
This carriage has two ball-ended set screws 
3 and 4 resting in a vee groove in the bed 5, 
and which can be adjusted so as to bring the 
axis of the micrometer square to the line of 
centres. The carriage can be moved along 
the vee groove to suit the screw being measured. 

The machine is used in the same manner as 
described in § (19), except that the wires or 
vee pieces are placed horizontally instead of 





It I 



vertically. The counterbalance weight at the 
back of the micrometer carriage is such as to 
tilt the micrometer upwards so that the lower 
wire, or vee-piece, is clipped between the anvil 
of the micrometer and the screw. The other 
wire can then be readily inserted between the 
micrometer face and the screw. 

(iii.) Larger Type of Floating Micrometer 
Machine . — Both the machines described above 
will serve for screws up to 2 in. in diameter. 
Fig, 58 shows a larger type of machine, 
designed on the same principle as the one 
shown in Fig . 55, and capable of measuring 
screws up to 7 in. diameter. This machine 
is fitted Moth the New all type of micrometer 
head provided with a special enlarged thimble 
and barrel. A detailed explanation of the 


Fig. 58. 


machine is not necessary as the functions of 
the various parts can be readily followed 
from the desciiption of the smaller type of 
machine. 

This larger type of machine is being manu- 
factured by Messrs. G. Cxissons, Ltd., of 
Manchester. Machines of a similar character 
are also made by Messrs. Alfred Herbert, Ltd., 
Coventry, and the Horstmann Gear Company, 
Bath. 

(iv.) Measuring Attachments for Lathes. 
— When cutting screw gauges on the lathe 

von. m y 
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it is desirable to make measurements of the 
effective and core diameters without removing 
the gauge from the centres. Fig . 59 shows a 
simple attachment to a lathe for this purpose. 



A bracket B is clamped on to the spindle of 
the tail stock of the lathe T, and projects 
horizontally backwards. Through a hole in 
B a turned spindle P is bolted. On this a fl- 
shaped saddle X) slides with an easy fit. On 
one end of D is fixed a plate A by means of 
three small screws. This plate carries at the 
front end a 0 to 2 in. micrometer M, with its 
spindle in a vertical position. The U-shaped 
part of the micrometer is fixed to the arm A 
by two in. bolts spaced § in. apart. At the 
other end of A is a counter weight C, which 
is sufficiently heavy to slightly overbalance 
the weight of the micrometer, so that the anvil 
of the micrometer holds 
the lower vee-piece or 
needle gently against 
the lower side of the 
screw S, and leaves the 
workman free to hold 
the uppier one and to 
operate the micrometer 
head. Fig , 59 shows 
the micrometer and the 
vee - pieces in position 
for making a measure- 
ment of core diameter. 

When a measurement 
has been made the 
micrometer and its 
attachments A, D, and 
C can be moved away 
bodily, or preferably 
slid along the spindle 
P to the right so as to 
be clear of the work, 
with the anvil of the 
micrometer resting against the lower side of 
the lathe centre, which should be wrapped 
with a piece of cloth. 

Between the arm A and the micrometer 


are inserted two thin washers. These serve 
to reduce the bearing surface between the two, 
so removing any danger of seriously distorting 
the micrometer, and also for the purpose of 
adjusting the micrometer square with the 
lathe centres. This adjustment can be made 
by the method indicated in Fig. 56 above. 

§ (24) The Measurement oe the Pitoi-i 
or' Screws. — Several types of machines have 
been designed at the National Physical 
Laboratory for the purpose of measuring the 
pitch of external and internal screw's. Gener- 
ally speaking, their principles of operation are 
the same. The screw to be measured is 
mounted between centres or attached to a face 
plate, and fixed so that it cannot rotate. A 
specially shaped steel feeler piece or stylus, as 
shown later in Fig . 63, is traversed along the 
screw in a direction parallel to its axis by 
the motion of a micrometer screw, and in 
such a manner that it rides in and out of the 
threads. This feeler piece is attached to an 
appliance which serves to indicate when it 
rests centrally in the various threads in 
succession. Readings of the micrometer are 
taken at the points of indication, and from 
these the pitch of the screw can be readily 
obtained. 

A. Measurement oe Plug Screws 

The first machine to be described will accom- 
modate plug screws up to 6 in. diameter and 
an over- all length of 9 in. A photograph of the 
machine is shown in Fig. 60, and a general 
arrangement drawing in Fig. 61. 


(i.) Structure of the Machine . — There are 
three main portions to the machine — the Bed A, 
the Sliding Bar B (carrying the micrometer), 
and the Indicator and Saddle K. 



Figl 60 . 
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The bed A carries a pair of centres C x 
and C a to hold the screw being measured. 
The shorter centre C x on the right is not 
moved once it has been adjusted to suit the 
micrometer travel The position of the long 
centre C 2 can be adjusted to suit any length 
of screw up to 9 in. in length and is fitted 
with a spring at the point to keep a sufficient 
pressure on the screw to prevent it rotating 
during the measurements. 

The sliding bar B has a vee groove along its 
base and runs on two groups of three balls* 
G t and G 2 , placed in a similar groove in the 
bed* The upright portion of the sliding bar j 
has a hole through it which clears the short 
centre rod C x and is guided off the rod by two j 
set screws S x and S 2 , which are adjusted so as 
to allow a free endwise motion without too 
much shake between the points of the two 
screws and the centre rod. The micrometer 
head M, which is of the standard Brown 
and Sharpe pattern of 1 in. range, is fixed in 
the sliding bar at the top of the upright 
portion. The thrust of the micrometer 
spindle is taken by an anvil rod L through 
an adjustable strut p in a manner detailed 
in Fig. 62. This strut has a centre at the 

FlU. 62* 

outer end into which fits the conical end of 
the micrometer spindle. The other end is 
spherical and bears against the conical end 
of the hole drilled in the anvil L. By this 
means any want of truth in the rotation of 
the conical end of the micrometer spindle is 
taken up by a snivelling motion of the strut, 
whilst the actual thrust of the micrometer is 
not concentrated at a point contact, but is 
spread somewhat over the surface of the conical 
centre at the outer end of the strut. A weight 
X keeps the sliding bar pulled towards the 
left so that the micrometer remains in contact 
with the anvil* 

The micrometer head is provided with a 
graduated dial N, which reads against a fixed 
dial T attached to the end of the short 
centre rod* 

The indicator saddle Q is carried on the 
sliding bar and can be adjusted to any position 
along the machine by means of a long screw 
fitted with a hand- wheel & . When in position, 
the saddle can be clamped to the sliding casting 
by the screws a in front. 

When testing the pitches of screws longer 
than 1 in. it is necessary to make the measure- 
ments in two or more settings of the saddle 
on the bar B. 


(ii.) Indicator . — The indicator is fixed to 
a cross slide D, which is carried on the 
saddle Q. This slide allows the whole 
indicator to be moved towards or away 
from the line of the centres by an adjusting 
screw g , to suit the diameter of the screw to 
be measured. 

The hardened steel stylus P which engages 
with the thread of the screw being measured, 
is fixed to one end of the first lever l v which 
is supported above the cross-slide by a steel 
strip S and a strut E. The other end of this 
lever is forked ; the fork embraces a crank 
B pivoted on a jewelled bearing and has 
a very light pointer fixed to it, the crank 
and pointer thus forming a second lever. 
The axis of the second lever is tilted 3° side- 
ways so that the weight of the pointer keeps 
the crank against one side of the fork at the 
end of the first lever l ± with a very light 
pressure. The front end of the pointer moves 
over a sector-shaped part H of the indicator 
frame on which a line 0 is scribed. As 
the stylus moves in and out of the thread 
it causes a pure bending of the strip which 
has no effect on the pointer. If the stylus be 
subject to a side strain, it causes the strip 
to twist about the axis XX, which thus 
becomes the virtual fulcrum of the first 
lever. Thus, a lateral movement of the 
stylus relative to the carriage Q is indi- 
cated by a movement of the pointer, 
the magnification of the movement being 
approximately 750. 

The general action of the indicator in a 
vee thread can he readily seen from the 
three diagrams A, B, and 0 in Fig . 63. A 


Motion of Indicator 



Fia 63. 


shows the stylus in contact with the right 
flank of the thread, and the pressure on it is 
as shown at U x ; at C the contact is changed 
over to the left flank and the pressure is XJ a , 
B shows the stylus in contact with both 
flanks, and it is in this position that the 
pressure changes from the direction Xl x to 
U 2 , with the result that the stylus twists 
about the axis XX referred to above. This 
twisting motion causes the pointer to move 
from left to right over the section IT, and 
when it is opposite the line O the side 
pressures on the stylus are equal The reading 
is taken on the micrometer when this occurs 
and the operation is repeated throughout the 
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length of screw, the stylus riding auto- 
matically in and out of the threads during the 
process. It will he noticed that the steel 
strip has a dual function. When the stylus 
is in position B the strip acts as a pivot and 
the lever turns about XX. In the positions 
A and G the strip is acting by bending to 
allow the stylus to ride up and down the 
flanks. 

For measuring the pitch of vee threads 
the indicator is adjusted by means of the 
adjusting screw h and the two clamping screws 
i and j, so that when in its free position, 
i.e. with no side pressure on the stylus, the 
pointer is opposite the line. For square 
threaded screws it is necessary to adjust the 
indicator by means of the screw h, so that 
there is a light side pressure between the 
stylus P and the flank of the screw chosen 
for measurement. 

(iii.) Stylus . — The machine is provided with 
a set of seven indicator points P, having a 
graded series of radii at the ends and suit- 
able for measuring the pitches of all 
Whitworth form threads from 4 to 40 
threads per inch. If a thread other than 
of Whitworth form has to be measured, a 
suitable point is chosen from among the set 
by trying them in the thread and selecting 
the one which touches about half-way down 
the flanks. 

(iv.) Graduated Dials . — The thimble of the 
micrometer head is provided with a sleeve 
to which a number of interchangeable 
and specially graduated dials N can be 
attached. These dials allow rapid measure- 
ments to be made of all the commoner 
pitches without having to resort to any 
calculations. The dial shown on the machine, 
which has 9 equal divisions, serves for 
measuring pitches having 9, 18, or 36 threads 
per inch. 

Consider the case of a screw having 9 threads 
per inch. The number of revolutions of the 
40-thread per inch micrometer spindle corre- 
sponding to a travel of the indicator of $ 
of an inch is equal to i-&- 4 and £. 

Consequently, if the zero line on the disc N 
is opposite a particular mark on the scale 
of the fixed disc T when the stylus is vest- 
ing in one thread of the screw, it will be 
necessary to rotate the disc through 4 and jj 
revolutions to bring the stylus into the next 
thread. Moreover, if the pitch of the thread 
is quite correct, the fourth line on the disc 
will arrive exactly opposite the same mark 
on the fixed disc T. If the pitch is not correct, 
however, the line will deviate from the mark 
by an amount proportional to the error in the 
particular pitch, and this error can be read 
off directly on the scale of the fixed disc T. 
If the indicator is now moved into the next 
thread its error with respect to the zero 


thread can also be read off in the same manner. 
Thus, by taking readings on successive threads 
it is possible to obtain directly the cumulative 
errors in the pitch of the screw throughout its 
length. A complement of eight such specially 
divided dials permits of very rapid measure- 
ment of the pitches most frequently met 
with. 

In addition to these special dials, the 
machine is also provided with another which 
is fully divided into 250 parts and which is 
used when measuring any odd size of pitch 
such as occur on B.A. or S.I. threads. In 
this case it is necessary to take actual readings 
of the micrometer disc against the zero line 
on the fixed disc at each setting of the 
indicator, and to calculate the errors after- 
wards. 

(v.) Method of Measurement . — The method 
of setting up a plug screw in the machine for 
measurement is simple. The appropriate dial 
for the pitch of the screw is put in place on 
the micrometer, which is unscrewed to the 
1 in. end of its run and set so that the zero 
line on the dial N comes opposite the 5 line 
on the scale of the fixed dial T- The screw is 
then set up between the centres, and the 
indicator brought opposite the first thread 
at the left-hand end by means of the hand- 
wheel d. The indicator is then fed in towards 
the screw by means of the adjusting screw g 
until, with the stylus touching both flanks of 
the thread, the small pointer n on the top is 
about in. away from the line p, scribed 
on the upper surface of the indicator. This 
ensures a reasonable pressure between the 
stylus and the screw. The locking screw b 
is then tightened. The indicator is next 
adjusted by means of the hand- wheel d until 
the pointer comes apjmoximately opposite the 
line O, and the indicator saddle is then locked 
on the bar B by means of the screw a. To 
bring the pointer exactly over the line O 
without disturbing the zero setting of the 
micrometer, the screw is turned slightly on the 
centres. The micrometer is now rotated in a 
right-handed direction until the stylus enters 
the next thread. The pointer is again brought 
exactly up to the line O and the reading is 
taken. The operation is repeated in each of 
the threads in turn, the pointer automatically 
climbing up the flanks of the threads and over 
the crests. Having reached the end of the 
screw a check reading should' bo made on 
the first thread. In this manner a series 
of readings is obtained such as is given 
below. 

The first, set of readings are those obtained 
from a Whitworth screw having 18 threads 
per inch, by using the special dial for this 
pitch. The second set are those of a No. 0 B.A. 
screw where it was necessary to use the fully 
divided dial. 
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Screw of Nomitstal Pitch 


18 Threads per Inch 


No. of 
Thread. 

Heading on Scale 
of Dial T 

(Unit =0-0001 Inch). 

Cumulation Error 
in Pitch 

(Unit = 0-0001 Inch). 

0 

5-0 

0-0 

1 

5-6 

4-0*6 

2 

6-3 

+ 1-3 

3 

6-7 

+ 1-7 

4 

7-5 

4-2*5 

5 

7-8 

4-2*8 

6 

8-0 

4-3*0 

7 

8-2 

4-3*2 

8 

8-5 

4" 3*5 

9 

8-7 

! -43*7 

10 

9-0 

-44*0 

11 

8-8 

4-3*8 

12 

9-1 

4-4*1 

0 

5-1* 

*• 


* Check reading. 


The errors in pitch, are shown plotted in 
Fig. 64. 

This diagram shows that the over-all error 
in pitch is long by approximately 0-0004 in. 



Fia. 64. 


and that the bulk of this error occurs over the 
first half of the screw. The pitch is free from 
any marked irregularities or periodic error. 


will be noted that the mean pitch is short by 
approximately 0-0003 in. over the length of 
the screw and, superimposed on this, there is 
a periodic error of ± 0-0002 in. which recurs at 
intervals of pitches, i.e. 2-5 mm. This 



indicates that the screw was probably cut on 
a lathe having a 10 threads per inch lead screw. 

It may he noted that by fitting the machine 
with a metric micrometer head the measure- 
ment of screws having millimetre pitches 
would be greatly facilitated. 

The accuracy of the measurements made on 
the machine depends upon the accuracy of the 
readings of the micrometer head. As the 
readings even of a new micrometer head may 
have an error of as much as 0-0002 in. over 
the one inch range, it is necessary to make a 
calibration of the machine to determine the 
errors. This calibration is readily made by 
taking a screw gauge of known pitch and 
obtaining a set of measurements upon it. 
The difference between the measured and the 
true errors gives the errors in the readings 
along the run of the micrometer screw ; these 
errors can then be plotted in the form of a 
calibration chart for the machine. When 
measuring the pitches of other screws, refer- 
ence should be made to this chart, and due 


No. 0 B.A. Screw. Nominal Pitch 1 mm. 


No. of 
Thread. 

Heading on 
Pully 

Divided Dial 
(Inches). 

Difference 
from Zero 
Heading 
(Inches). 

Nominal 

Pitch 

(Inches). 

Cumulative 
Error 
in Pitch 
(Inches). 

0 

0-14650 

0-00000 

0*00000 

0-00000 

1 

0-18487 

0-03937 

0*03937 

0-00000 

2 

0-22394 

0-07844 

0-07874 

“0*00030 

3 

0-26369 

0-11819 

0*11811 

-f-0 *00008 

4 

0-30259 

0-15709 

0-15748 

-0-00039 

5 

0-34205 

0*19655 

0*19685 

-0-00030 

6 

0-38165 

0*23615 

0*23622 

-0 00007 

7 

0-42064 

0-27514 

0*27559 

-0*00045 

8 

0-46038 

0*31488 

0-31496 

-0*00008 

9 

0-49933 

0-35383 

0*35433 

-0-00050 

10 

0-53892 

0-39342 

0*39370 

-0-00028 

11 

0-57823 

0*43273 

0-43307 

-0-00034 

12 

0-61732 

0-47182 

0*47244 

-0-00062 

13 

0-65708 

0-51158 

0*51181 

-0-00023 

0 

0-14548* 





allowance made for the errors 
of the machine. 

B. Measurement oe Bino 
Screws 

§ (25) Details of Machine. 
— The machine described above 
can be readily adapted for 
measuring the pitch of ring 
screws. The arrangement is 
shown in Fig. 66. The ring to 
be measured is mounted in a 
chuck or on a face plat© 
fastened to the right - hand 
centre. The stylus is fitted to 
the end of an auxiliary lever 
which is supported on a steel 
strip and which engages at the 
rear end with the "main indi- 
cator as shown. The measure- 
ments are made as described 


* Check reading. 

The diagram in Fig. 65 shows the result 
obtained on plotting the errors in pitch. It 


above in the case of plug screws. 
In order to eliminate possible 
errors due to the axis of the ring screw not 
being square to the face on which it is clamped. 
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it is necessary to take two sets of readings 
along opposite generator lines, the ring being 
rotated on its axis for this purpose. The 
mean of two such sets of measurements gives 
the desired result. 

§ (26) Pitch Measuring Machine with 
Optical Indicator. — Another design of pitch 
measuring machine is shown in Fig. 67. 
Th8 general principle is the same as that for 
the machine just described, but the construc- 
tion is simpler. 

The micrometer head is provided with a 
graduated brass disc in. diameter, which 
is fully divided into 250 parts, each of which 
represents 0-0001 in. The bar which carries 
the indicator carriage is supported off the 
bed on balls and is guided against vertical 
flat faces on the lower parts of the two brackets 
which carry the centres. The whole machine 


d, which moves the sleeve relative to the 
post. 

The operation of the stylus is the same as ex- 
plained in the diagrams A, B, C of Fig. 63. 
Whilst in position B, the image moves across the 
screen and the micrometer is set so that the 
image coincides with a line h marked on the 
surface of the glass. This setting is repeated 
on the various threads in turn and the errors 
of the pitch obtained as described previously. 

An important point to be noted in the 
designs of the above machines is the position 
of the micrometer. In each case this is 
arranged so that its axis is as closely as possible 
co-Iinear with the direction of motion of the 
stylus along the screw. This eliminates to a 
large extent the effect of errors in the straight- 
ness of the bed of the machine. 

The two machines shown in Figs. 61 and 67 
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is slightly tilted forward in order to keep the 
bar gently in oontact with these guiding faces. 

The indicator gear is the same as for the 
machine previously described so far as the 
first lever is concerned. The first stage of the 
magnification is obtained mechanically and is 
about 20 times : the second stage is obtained 
optically and i3 about 25 times. The total 
magnification is thus about 500. The lever a 
carries at its rear end a lens b, of about £ in. 
focus. A small 2-volt lamp c, with a straight 
filament, is fixed to a sleeve on a pillar i j ust 
above the lamp. The image of the lamp 
filament is formed on a ground-glass screen g, 
placed at the front of the machine, after being 
reflected from the two mirrors e and /, which 
are to be seen in the side view. The mirror f 
is in the form of a long strip which is fixed to 
the bed of the machine and extends along its 
length. The mirror e, and the lamp c, are 
carried on the post i, which is attached to 
the indicator saddle. The image of the lamp 
filament can he carefully focussed on the 
screen by means of the knurled-headed screw 


are being manufactured by Messrs. G. Cussons, 
Ltd., of Manchester. 1 

For descriptions of other methods of 
measuring the pitches of screws reference 
should he made to the optical screw -measuring 
machines described in §§ (33) and (69). 

§ (27) Mechanical Measurements oe Ring 
Screw Gauges, (i.) Tests by Means of Plug 
Checks. — Several machines have been designed 
and various methods devised for taking me- 
chanical measurements of the diameters of 
ring screw gauges. These are described later, 
see §§ (30) and (31). 

The method most commonly used, however, 
up to the present, both during the manufacture 
and for the final inspection, is to make use of 
a series of “ go ” and “ not go ” plug check 
gauges — a system w T hich was originally devised 
by Mr. W. Taylor. 

The following plug check gauges are neces- 
sary for inspection purposes where Whitworth 
and B.A. screws are concerned : 

1 See Report of the National Physical Laboratory, 
1911) and 1920. 
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(а) A “ go ” screw gauge haring the correct 
form of profile and whose dimensions are all 
on. the lower limit of the ring gauge. 

(б) A “ not go ” plain plug gauge whose 
diameter is equal to the upper limit of the 
core diameter. 

(c) A “ not go ” plug for the effective 
diameter consisting of a screw plug, whose 
effective diameter is on the upper limit of 
the ring, and which is cleared on the full and 
core diameters. 

(cl) A “ not go ” plug for the full diameter 
consisting of a deep and thin thread screw 
plug, whose full diameter is on the upper 
limit of the ring. 

To make a rigid test on the effective 
diameter of the ring, the “ not go ” check (e) 
for that element should be cleared everywhere 
except for a short length of flank at the half- 
depth position. It is usual, however, to make 
the length of the flanks of such checks equal 
to at least half that of the standard profile. 
The full form “ go ” screw plug should have a 
length of screw at least as great as that of the 
ring to be tested to enable account to be taken 
of the whole of any progressive error which 
may exist in the pitch of the latter. The 
“ not go ” screws (cj and (d) should be only a 
few threads in length. 

For manufacturing purposes it is found 
desirable to augment the above list of check 
plugs by three “go ” plugs for the individual 
diameters. If the rings are being screwed 
on the lathe, or lapped to size after harden- 
ing, such “ go ” checks coupled with the 
corresponding “ not go ” checks enable 
the individual diameters to be opened out 
separately with minimum risk of making 
any of them too large. When the state is 
arrived at where the ring gauge is large enough 
to take the three “ go ” checks it should also 
allow the full form check to pass comfortably, 
otherwise it would be an indication of probable 
eccentricity between the diameters. 

It should he noted that the system of using 
plug checks does not take complete account 
of the rounding of the crests and roots of the 
threads. The “ go ” full form check ensures 
that no extra metal exists on the roundings, 
but, on the other hand, no means is provided 
for ascertaining whether any undue clearance 
has been made. For this reason, and also as 
a check on the general form of the thread, it 
is necessary to inspect the profile of the thread 
in the same manner as for plug gauges. To do 
this a cast of the thread has first to he made, 
and this is inspected in an optical projection 
apparatus such as described in § (69). 

(ii.) Examination of Thread Form by Means 
of Casts . — Various materials have been used 
for making the casts, among which may be 
mentioned plaster of Paris, dental wax, a 
mixture of sulphur and graphite containing 


93 per cent of the former to 7 per cent of 
the latter, and various type metals. What- 
ever the material used, the cast should be taken 
of only a section of the ring as shown in Fig. 68, 
so that it can be removed from the latter 
without having to unscrew it, a process which 
would destroy the 
accuracy of the 
cast. 

Taking the case 
of plaster, this 
should be obtained 

of a good quality and very finely ground — 
the description used by dentists answers 
the purpose very well. The gauge should 
be thoroughly cleaned and its screwed surface 
afterwards very lightly oiled with a brush 
to prevent the cast adhering to the metal. 
The ring is then clamped between the jaws 
of a vice or special clamp, as shown in 
Fig. 69, leaving room to pour in the plaster. 



I’m. 



Pin. 69. 

which is mixed with water to form a very thin 
creamy liquid. Just before the plaster has 
set quite hard, which occurs in about 15 
minutes, the cast is very carefully removed 
from the ring and should be examined im- 
mediately on the projection apparatus. The 
fitting shown in Fig. 70, which has the neces- 
sary adjustments for setting up the cast, may 



he used with advantage. It is usual to take 
two or even three casts from each ring at 
different positions round the circumference, 
in order to obtain a check on the concentricity 
of the diameters. 

Plaster of Paris has been found to give the 
most satisfactory results for gauges over \ 
in. diameter. Under this size dental wax, 
which softens in hot water, will be found 
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most serviceable, and. by careful manipulation 
it is possible to obtain satisfactory results with 
this material on very small gauges. 

Fig. 71 shows a reproduction from a projec- 
tion diagram, of the thread of a No. 8 B.A. 
ring gauge from, a cast in dental was. The 
magnification is 50 to 1. 

It is a well-known fact that casts produced 
from the materials mentioned above are 



Fig. 71. 


liable to slight warping effects, but so long as 
the easts are used only for examination of the 
form of thread, the error due to this effect 
has been proved to he negligibly small. It 
would not be safe to attempt to ascertain the 
pitch of the ring gauges from measurements 
made on the cast, as a much greater length of 
east would be involved and the error due to 
warping might be serious. 

§ (28) Mechanical Meas ueements on 
Diameters by Slip Gauges and Special 
Fittings. — Provided the diameter of a screw 
ring gauge is larger than about £ in. it is pos- 
sible to measure the diameters mechanically. 

(i.) Gore Diameter . — This can be measured 
with a pair of plugs and slip gauges in the 
same manner as for a plain ring gauge. See 

§ U) (c). 

(ii.) Effective Diameter . — This is measured 
in a similar manner to the measurement of a 
plug screw with standard wires, except that 
the wires are replaced by steel balls. Although 
it is not always possible to obtain a steel ball 
which will touch the threads exactly at the 
half-depth, balls can usually be found among 
the small commercial inch and millimetre 
sizes which, approximate to this condition. 
It is not possible by this method to deal with 
pitches much finer than about 24 T.P.I. 
Whitworth form, a-s the smallest size of ball 
made is T \nd of an inch. 

The actual measurement with the balls is 
rather awkward as there are several loose 
pieces to handle. The method is shown in 
Fig. 72. Two balls, a, a, are placed in the 
threads on one side and a third, b, is placed 
diametrically opposite, the balls being con- 
veniently held in position with soft wax. 
A combination of slip gauges, c, is then wrung 
up and adjusted to size until it will just 
fit between the balls. The measurement is 
not at all easy to make, and the result even 
after careful standardisation of the balls cannot 
be relied on to an accuracy much better than 
±0*0003 in. 

The method can be made somewhat simpler 


in practice, although at a further sacrifice of 
accuracy, by omitting the two balls on the 
one side and by using instead a small cylinder 



Fig. 72. 


placed parallel to the axis of the gauge and 
resting on the crests of the threads. 

(iii.) Full Diameter . — The full, or crest, 
diameter can be measured in a similar manner 
by making use of a special fitting of the type 
shown in Fig. 73. This consists of a 
rectangular steel slip, ground and lapped on 
the under surface, and having on the upper 
side a truncated conical point, shaped in such 
a manner that the rounded 
point will reach to the /\ 'j, ~J\ 

crest of the thread of the *■ ,, * • *— — C-J 

ring. The measurement is 3 ?ig. 73. 
made from the core dia- 
meter diametrically opposite by using a small 
cylinder in conjunction with a combination 
of slip gauges. The full diameter is deduced 
from a previous measurement of the core 
diameter together with this measurement of 
the depth of the thread. 

§ (29) Measurement of Effective Dia- 
meter by Means of Expanding Gauges. — 
Several types of expanding plug gauges have 
been designed for the purpose of measuring 
the effective diameters of ring screw gauges. 
Descriptions of such gauges will ho found in 
§ (40). 

§ (30) Experimental Machine nor the 
Effective Diameters of King Screw 
Gauges. — The experimental machine shown, 
in Fig. 74 was designed by Mr. E. M. Eden 
of the National Physical Laboratory in 1916. 

The ring of which the effective diameter is 
to be measured is clamped in the vee block 
A, which is capable of vertical adjustment by 
the screw B. C is a small bar with spherical 
ends, the diameter of the spheres being the 
“ best ” size for the particular thread to be 
measured. The over-all length of this rod is 
rather less than the core diameter of the ring 
to be measured. The bar is rigidly attached 
at right angles to the end of the pointer D, 
which is pivoted at the point E, so as to 
oscillate in a horizontal plane. The carriage 
F, which is supported on four balls resting in 
vee grooves, carries the fitting G pivoted 
at H ; this fitting is thus free to swing back- 
wards and forwards in a horizontal plane, 
the amount of its travel being limited by the 
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two set-screws K x and K 2 which hear against 
steel plugs let into the fitting G. The carriage 
can. be moved along its bed by means of the 
screw J, but it has about -fa in. of free 
movement for any position of the screw J. 
The end of the pointer carries a fine cross-wire, 
a magnified image of which is observed on 
a horizontal scale. The arrangement of the 
optical system for producing this magnification 
is indicated in Fig. 75. The total magnifica- 
tion should be between 500 and 1000. At L x 
and L 2 are two internal vee pieces which can 
be moved across the machine (in the plane 
of the ring which is being measured) by means 
of the two micrometers. The angles of these 



vee pieces are each 55°. The weight M serves 
to keep the fitting G definitely against one or 
other of the set-screws on the outer carriage. 

The method of using this machine for the 
measurement of the effective diameter of a 
screwed ring is as follows : 

The ring is fixed into the vee block, and, 
by means of the screw J, the double-ended 
rod is fed into the ring, the height of the 
latter at the same tune being adjusted until 
the bar is approximately along a diameter of 
the ring. By hanging the weight over one 
of the pulleys, the fitting G is made to rest 
against one of the two set - screws, say K x . 
This set-screw is then adjusted until the image 
of the cross-wire on the pointer is near the 
centre of the scale. The height of the ring 
to be measured is then carefully adjusted 
by means of the , screw B by observing the 
position of the maximum deflection of the 
image of the cross-wire. At the same t im e, 
the position of the carriage is so adjusted by 


means of the screw J that the amount of free 
movement of the carriage is sufficient to ensure 
that the spherical end of the bar C is resting 
freely on both flanks of the screw thread of the 
ring. When both of these adjustments have 
been satisfactorily secured the set - screw K x 
is adjusted until the image of the cross-wire 
on the pointer coincides with a fixed line on 
the scale. The weight is then hung over the 
other pulley so that the fitting G is resting on 
the set-screw K 2 and the other spherical end 
of the rod C is resting in the opposite side of 
the screw thread.. The position of the carriage 
is again adjusted by means of the screw J, 
and the set-screw K 2 is set until the image of 
the cross-wire is again coincident with the 
same fixed line on the scale. 

The ring is now removed, and one end of the 
spherical-ended rod is allowed to rest in one 
of the vee pieces, say !L X . After having 
adjusted the position of the carriage as above, 
so that the spherical end rests freely on 
both flanks of the vee, the micrometer con- 
trolling the position of the vee piece L x is 
adjusted until the image of the cross-wire 
is again coincident with the fixed line on the 
scale. The same process is then repeated 
with the spherical end resting in the other vee 
piece L 2 . The settings of the screws K x and 
K 2 are still the same as when the screw gauge 
was in position. The readings of the micro- 
meters are taken and their sum M x noted. 

Finally, the spherical-ended rod is removed 
from the end of the pointer and held between 
the vee pieces L x and L 2 , which are adjusted 
by means of their micrometers until L x and L a 
are just in contact with the two spherical ends. 
The readings of the micrometers are taken 
and their sum M 2 noted. 

Now, if 1 = overall length of the spherical- 
ended rod, and p=the “P value” 1 of the 
spheres for the particular pitch concerned, 
then the effective diameter E of the ring at 
the point measured is given by 

E = (M x - M 2 ) +(l- p). 

In the case of small rings with coarse pitches 
the usual correction for rake will have to be 
made. 2 

§ (31) The “Shaw” Screw - measuring 
Machine. — This machine was designed by 
Dr. P. E. Shaw of Nottingham University 
for the measurement of diameters and pitches 
of both plug and ring screws. 

A detailed description of the first design 
will be found in Engineering, January 24-, 1919, 
and various improvements are mentioned in a 
further article dated December 19, 1919. 

The full diameter of a plug screw has to be 
measured independently with a micrometer. 

1 See § (63). 

i aoi® ee ^ eport °f ® ie National Physical Laboratory , 
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The effective and core diameters are then 
deduced from it by taking measurements of 
the “ effective ” depth and total depth of the 
thread on the machine. In the case of ring 
gauges, the core diameter is measured inde- 
pendently ; the effective and full diameters are 
then obtained by taking similar measurements 
of depth on the machine as for plug screws. 

The total depth of the thread for either a 
plug or a ring gauge is ascertained directly 
by measuring the displacement in a diametral 
direction A of a conical-ended pin when 
resting first on the crest of the thread and then 
at the root, as shown in Fig . 76. In the case 




of the “ effective 55 depth, the measuring pin 
is furnished at its point with a steel ball 
which will rest about half-way down the 
flanks of the thread, as shown in Fig . 77. 
The vertical measurement B is made, and, 
knowing the diameter of the steel ball and the 
pitch of the screw, it is possible to calculate 
from this measurement the difference between 
the full and effective radii or the core and 


obtain the required diameters to within 
± 0-0001 in. Moreover, any inaccuracy in 
the independent measurement of the full 
diameter of the plug or the core diameter of 
the ring will recur in the values obtained 
for the other diameters. 

Practical tests on the machine, using screw 
gauges of known size, have given measure- 
ments of the diameters which agreed with the 
correct values to within ± 0*0001 or ± 0*0002 in. 

The method of making the depth measure- 
ments will be readily understood from the 
diagrammatic general arrangement of the 
machine, shown in Fig . 78, in which a plug 
screw is shown mounted for measurement. 
Bing gauges are held in a chuck as shown in 
the separate view, the shank of the chuck being 
clamped in the left-hand centre 95 bracket. 
The measuring pin 1, with its axis vertical, 
is clamped at the end of a tilting lever 2, which 
has equal arms. This lever rocks on two steel 
halls bearing in a triangular recess and a slot 
formed in the upper surface of the carriage 3, 
which slides freely on the bracket 4, supported 
from the bed. The outer end of the lever 
rests in contact with the foot of a dial indicator 
5. As the carriage is moved the pin travels 
along the screw, rising and falling in the thread, 
and its vertical motion (A or B of Figs . 76 and 
77) is registered by the dial indicator. The 
latter can be calibrated over the small range 
used by means of standard slip gauges. 
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effective radii of the screw according to 
whether it is a plug or a ring. From this differ- 
ence the effective diameter is readily deduced. 

It is to be noted that the measurements A 
and B have to be doubled in deducing the two 
required diameters from the full or core 
diameter as the case may be, and consequently 
these measurements will need to be made to 
an accuracy of ±0*00005 in. in order to 


To measure the pitch of either a plug or 
ring gauge, the ball-pointed pin is fixed in 
the end of the lever and the carriage is moved 
so that the pin registers in the various threads 
in succession. The translation of the carriage 
is measured by means of a graduated scale 6 
fixed to the slide and viewed through a 
stationary microscope 7, which is carried off 
the bracket 4. The scale is divided to suit 
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the pitch of the screw. If the screw being 
measured has 14 threads per inch, a scale 
accurately divided into iVfchs of inches would 
be used. Provision is made by means of a 
micrometer head 8 for adjusting the position 
of the scale on the slide so as to bring a line 
under the cross-wire of the microscope when 
the pin is in the first thread. Any error in 
the pitches of the subsequent threads will be 
noted by a lack of coincidence of the cross- 
wires and the lines on the scale. Such errors 
can be readily measured on the micrometer 
head by moving the scale so as to restore the 
coincidence. The micrometer head should be 
provided with an enlarged dial to obtain 
accurate readings. 

A mechanical method of measuring the effec- 
tive diameters of screwed rings, devised by 
Mr. G. A. Tomlinson of the National Physical 
Laboratory, will be found in § (7) (i.) ( d ). 

§ (32) Optical Measurements of Screw 
Gauges. — As a general rule optical measure- 
ments of screw gauges cannot be made to the 
same accuracy as mechanical measurements, 
and, in particular, the results obtained by 
inexperienced observers are more liable to 
error. On the other hand, as screw gauges 
may have errors which cannot be detected 
by mechanical measurement, the possibility 
of examining a magnified image of the thread 
form is an extremely valuable aid both in the 
production and verification of screw gauges. 
Further, mechanical measurement of the 
diameters of a screw gauge can be made 
conveniently at only a few points on its 
surface, whereas in an optical apparatus the 
whole of the screwed surface of a gauge can 
be examined in detail, the faults seen, and, 
if necessary, measured. For example, errors 
in angle, want of straightness of the flanks 
of the screw, bad form at roots or crests, 
local thickening of the threads, eccentricity 
between different diameters, local humps 
and hollows can be readily detected by 
optical means. 

The present general practice in the examina- 
tion of plug screw gauges is to measure the 
diameters and pitch of all sizes larger than 
about No. 8 B.A. by the mechanical methods 
described previously. The angle and the 
general form of thread only are examined by 
optical means. With the exception of the 
full diameter it is not possible to make 
mechanical measurements with any degree 
of certainty on screws smaller than No. 8 B.A. 
The examination of very small screws has to 
be carried out completely on some form of 
optical instrument. 

The optical machines used for this purpose 
may be conveniently divided into the two 
classes : 

(i.) Microscope Apparatus. 

(ii.) Projection Apparatus. 


The two types are very similar, in fact the 
second is a development of the first. 

§ (33) Microscope Apparatus for Screw 
Threads. — The general principle of the micro- 
scope apparatus will be gathered from Fig. 79. 
A microscope M held rigidly in a bracket is 
illuminated from below by a parallel beam 
of light derived from a suitable lamp and 
condenser L. A pair of centres C 2 support 
the screw gauge S, so that its axis AB is at 
right angles to that of the microscope. The 
latter is focussed on the diametral plane DE 
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of the screw and a magnified image of the 
profile of the screw will be seen, on looking 
through the eyepiece. This image will not 
be seen clearly unless the profile of the thread 
be correctly illuminated, and for this to bo the 
case the beam of light from the condenser 
must be parallel, and its axis must follow 
the slope of the threads as shown in the front 
elevation. If the angle of the illumination 
is not correct, one set of flanks will be less 
clearly defined than the other. It is essential 
that the microscope should be accurately 
focussed on to the plane DE, otherwise the 
image seen will not be that of a true diametral 
section of the screw. 

The importance of accurate adjustment of 
the focus when dealing with small screws and 
using a fairly high magnification cannot be 
too strongly emphasised. The measurement 
of the effective diameter is most seriously 
affected by lack of attention to this point. 

From the front elevation view it is evident 
that where the rake of the screw is large 
the light which forms the image passes through 
only one side of the objective, and should the 
rake be abnormal, no light will reach the eye- 
piece and no image will be seen. To obtain 
an image under these conditions, either the 
aperture of the objective must be increased or 
special arrangements made for sliding the 
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eyepiece laterally. The relative squareness 
of the microscope and screw should not be 
altered to suit any such requirements, either 
by tilting the microscope or the gauge, although 
some machines arc provided with such false 
adjustments. 

In order to make the required measurements, 
the eyepiece of the microscope is provided 
with cross-wires which can he made to co- 
incide with different parts of the image of the 
profile in turn. These measurements are 
carried out by means of a pair of micrometer 
screws which give a relative motion between 
the microscope and screw in one plane with- 
out altering their mutual perpendicularity 
or the focus of the microscope. In practice, 
this relative motion is produced by means of 
a compound slide which gives two motions 
at right angles to each other. In some 
machines the microscope is made to move and 
in others the centres C x and C 2 carrying the 
screw gauge are mounted on the upper carriage 
of the compound slide, the microscope in this 
case being fixed. In addition, the microscope 
is usually mounted so that it can be rotated 
in its holder about its own axis, the amount 
of rotation being read on a circular divided 
scale. 

(i.) Measurement of Full and Core Diameters . 
— The microscope is rotated so as to bring 
the cross-wire parallel to the crests of the 
threads. The micrometer which controls the 
diametral movement is then used to bring 
the cross-wire in coincidence with the images 

of the crests and roots 
on each side of the 
thread in turn, as shown 
at A, B, C, and D in 
Fig . 80. The full and 
core diameters are ob- 
tained by suitably sub- 
tracting the readings in 
pairs. Account should 
be taken of any errors 
in the readings of the 
micrometer screw, 
which should be cali- 
brated previously by 
taking sets of observations on a series of plain 
plug gauges of known sizes. 

(ii.) Measurements of Effective Diameter . — 
The cross-wire is turned so that it becomes 
parallel to one set of flanks and settings such 
as E and F in Fig . 80 are made by means of 
the micrometer screw. A similar pair of settings 
G and H are then made on the other set of 
flanks. The differences between the readings 
with the cross-wire turned in each direction 
are noted. x 

1 As the rake of the thread reverses when opposite 
sides of the screw are brought into view, it is neces- 
sary to alter the direction of the illuminating beam 
whenever the screw is made to traverse across the 
field of the microscope. 


If the screw has no pitch error and if the 
motion of the screw has been accurately at 
right angles to its axis, the difference be- 
tween the readings referred to above would be 
the same and would each be equal to the 
effective diameter. It is usually found, 
however, that the two values differ slightly, 
but if the error in pitch and the error in the 
direction of motion of the screw are both 
small, the mean of the two differences will give 
the effective diameter. 

If the pitch error is periodic or irregular, or if 
the error in the mean direction of the traverse 
of the screw is large, the mean of the differences 
obtained by the above procedure will not in 
general be the true effective diameter. 
Further, if the angle of the thread is out of 
square with the axis of the screw, or if the 
flanks are not straight, it is not possible with 
the ordinary cross - wire method to obtain 
a reliable measurement of the effective dia- 
meter of the screw. Thus in the case of a 
screw of faulty form, the microscope method 
gives (by inspection) an indication of the 
nature of errors, but may fail to measure 
one principal element of the screw ; on the 
other hand, the mechanical method, which 
gives this important measurement, may fail 
to afford any information as to other serious 
errors. The two methods are thus comple- 
mentary one of the other ; it is only in the 
case of very good work that they become 
practically interchangeable. 

(iii.) Meastirement of Pitch . — The cross-wire 
is adjusted parallel to one set of flanks, as 
shown at E in Fig. 80, and, by means of the 
second micrometer screw which controls the 
motion in the axial direction of the screw, 
settings are made on each flank in turn 
throughout the length of the screw. A 
similar set of readings is then made with the 
cross - wire set parallel to the other set of 
flanks. The errors in pitch are computed 
and plotted (in the manner indicated in § (24)) 
for each of the sets of observations. Generally 
speaking, the two results obtained will differ 
if there is any taper in the screw, or if the 
direction of the motion is not exactly parallel 
to its axis. Unless the difference is large, 
however, the mean of the two sets will give 
the mean errors in pitch along the screw. In 
order to obtain correct results cognisance must 
be taken of any errors in the pitch of the 
micrometer screw itself, 

(iv.) Measurement of Angle . — The micro- 
scope is rotated in its holder so that the cross- 
wire is brought successively into the positions 
E, A, and G (Fig, 80), on one thread, and the 
corresponding readings are noted on the 
divided circle. The difference between the 
readings at E and G gives the total angle of the 
thread. The squareness of the thread can be 
ascertained by comparing the two angles 
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turned through from position E to A and 
position A to G. 

§ (34) Cambridge Scientieic Instrument 
Company’s Microscope Screw - measuring 
Machine. — This machine, which was one of the 
first to be designed, is shown in Fig . 81, and a 
complete description will be found in Engineer- 
ing, Nov. 13, 1903- 

In this type of machine the gauge is carried 
on centres or held in a chuck on a compound 
slide 1, which works on an inclined bed plate 2. 
The diameter micrometer 3 will be seen at the 
top and the pitch micrometer 4 at the side. 
The goniometric microscope 5 is held in a 
bracket 8 attached to the bed plate. The 


illumination is obtained from a Nernst lamp 
9, shown at the upper right-hand side, and the 
light after passing through a condenser is 
reflected in the direction of the microscope 
by means of a right -angle prism placed 
beneath the bed plate. 

The beam is directed along the rake of the 
screw by altering the position of the lever 10, 
situated in front of the lamp, which tilts the 
reflecting prism about an axis parallel to that 
of the microscope. The lever is provided with 
an index and scale of degrees, so that the rake 
can he set accurately to any desired angle 
on either side of the zero. The earlier types 
of machines had provision made for tilting 
the microscope to accommodate the rake of 
the thread. It is essential, however, that the 
microscope should always be kept square to 
the axis of the thread, the adjustment for 
rake being made on the illuminating beam 
only 


The micrometer screws have a pitch of 
0*5 mm. and are provided with drums divided 
into 50 parts, each of which, therefore, repre- 
sents 0-0 1 mm. By estimation it is possible 
to take readings to 0*001 mm. 

The microscope can be roughly focussed by 
sliding it bodily in the tube 6. For fine 
adjustment the tube and microscope can be 
moved together relative to the supporting 
bracket by means of a micrometer screw 7. 
It is generally sufficiently accurate to set 
the microscope by focussing on the points of 
the centres. Bor small screws, however, it 
becomes necessary to make a more refined 
setting, and this is done by focussing on to 
the crests of the threads at 
T in Fig . 79, and then 
lowering the microscope by 
means of the micrometer 
screw 7 through a distance 
equal to half the measured 
full diameter of the screw. 
This type of machine is now 
made in two sizes. The 
smaller size, which is in- 
tended primarily for B.A. 
screws, will accommodate 
screws up to 12 mm. dia- 
meter by 25 mm. length 
of screw. The larger 
machine will take screws 
up to 40 mm. diameter 
by 60 mm. length of screw. 

§ (35) The “Herbert” 
Optical Measuring 
Machine. — This machine, 
which was designed toy 
Messrs. Alfred Herbert, 
Ltd., Coventry, is shown 
in Fig . 82. The box- 

shaped bed 1, which „ is 
about 18 in. long by 8 in. 
square section, supports a saddle 2 carry- 
ing a pair of centres. This saddle can slide 
along the bed and is guided in a vee groove in 
the latter. A bracket 3 is fixed to the rear 
of bed and supports a compound slide 4 
carrying a microscope 5. The position of the 
latter is controlled by two micrometer screws 
6 and 7, as shown, and, in addition, the micro- 
scope can be rotated about its own axis as in 
the case of the machine just described. The 
illumination is derived from a lamp and 
mirror attachment 8 fastened to the front of 
the bed. 

The travel of the micrometer screws is 1 in., 
and by suitably arranging the initial position 
of the microscope it is possible, by means of 
these micrometers, to completely measure 
plug-screw gauges up to 1 in. diameter by 1 
in. length of screw in the manner described 
previously. The pitches of screws up to 12 
in. in length can also be dealt with in steps 




GAUGES 


337 


of 1 in. at a time by the use of suitable end 
gauges 9, inserted between a stop 10 fixed 
at the left-hand end of the bed, and a similar 
stop 11 attached to the end of the saddle 2. 
Gauges differing by 1 in. are used in turn, and 
the micrometer screw 7 serves for making 
measurements at intervals in each of the 1-in. 
steps. 

In such a type of machine, where the micro- 
scope is made to move, great care has to be 
taken to prevent any tilt of the microscope 
axis as it is moved from one position to 
another. The guiding surfaces must be 
carefully adjusted for straightness, and there 
must be no trace of play in the slides. How- 
ever good the workmanship may be, it is 


Another type of optical screw measuring 
machine is made by La Societe Genevoise of 
Switzerland. This machine is of the fixed 
microscope type and comprises a number of 
special attachments for the standard end- 
measuring machine made by the same firm. 
A description of these attachments will be 
found under the general description of the 
machine given in § (74). 

§ (36) Projection Apparatus for testing 
Screw Gauges. — The microscope type of 
apparatus described above for the measure- 
ment and examination of thread form of screw 
gauges has now been displaced to a great 
extent by the optical projection type of 
apparatus. This apparatus enables a shadow- 



practically impossible to prevent some slight 
amount of error occurring, due to tilting of the 
microscope. Provided the error is of a per- 
manent character it can be overcome by 
calibrating the travel of the two micrometer 
screws successively against a known scale, 
the surface of which is placed at the height 
of the centres, ?\e. at the normal position of the 
focal plane of the microscope. 

In addition to the measurements of plug 
screw gauges this machine can he used as an 
ordinary travelling microscope for measuring 
lengths up to 12 in., the piece to be measured 
being placed on the movable saddle 2. By 
the use of the compound micrometer motions 
and the goniometric microscope, the machine 
also serves other useful purposes in the work- 
shop, such as the measurement of taper 
gauges, profile gauges, forms of cutting tools 
and holes, location of holes in jigs, etc. 

YQL. TO 


like image of the profile of the screw thread, 
magnified a definite number of times, to be 
thrown on to a screen. This image is then 
compared with a diagram of the standard 
form drawn to the same magnification, and its 
variations from the true form can be readily 
seen and measured with a scale. In addition 
to the examination of the form of thread on 
this type of apparatus, it is also possible to 
carry out complete measurements on a plug 
screw gauge by mounting it on a carriage 
whose motions are suitably controlled by micro- 
meter screws. 

The projection apparatus has distinct ad- 
vantages over the microscope apparatus : it 
is less fatiguing to use, and it allows a direct 
comparison to be made between the actual 
form of the thread and the standard form. 

The subject of gauge projection apparatus is 
dealt with more fully in §§ (64) et seq . 

z 
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§ (37) Measurements ov Taper - screw 
Gauges. — Taper-screw gauges can be divided 
into two main types : 

Type I., in which the thread is square to 
the axis of the screw (Fig. 83). 



Type II., in which the thread is square to 
the coned surface (Fig. 84). 



§ (38) Taper-puug Screws, (i.) Measure - 
ment of Outside Diameter . — The rate of taper 
of the outside diameter and the actual diameter 
at the upper or lower end can be measured 
by the method described in § (9) for plain 
taper plugs. A slip gauge should be inserted 
between each cylinder and the gauge so as to 
bridge over the threads ; the thickness of the 
slips should be allowed for in the calculations. 

(ii.) Measurement of Depth and Thickness of 
Thread. — The depth, and relative thickness of 
the thread can be readily checked to a reason- 
able degree of accuracy by the system of 
optical projection, which allows a comparison 
to be made between an enlarged image of the 
thread and corresponding diagram of the 
theoretical thread form. Measurements can 
also be made with vee pieces and standard 
wires, as in the case of parallel screws, but, 
owing to the difficulty of locating the axial 
position of such measurements, it is convenient 
to compare them with measurements of the 
full diameter made in the same position. The 
method adopted is as follows : 

The gauge is placed between the centres of 
a floating micrometer machine, such as de- 
scribed in § (23). Referring to Figs . 83 and 
84, the faces of the machine are brought 
into contact with any two crests of the gauge 
at a and and the diameter F x is recorded on 
the micrometer. The micrometer carriage is 
then moved along its slide so that a similar 


measurement F 2 can be made on the crests a 
and a 2 and the mean value F of the two 
measurements is calculated. For the thread 
thickness, two standard wires of suitable size 
are taken and placed on opposite sides of 
the gauge at A and A x , care being taken not 
to rotate the screw. Having obtained the 
measurement E x over the wires in this posi- 
tion, the wire A x is transferred to the position 
A 2 and a second measurement E 2 is taken. 
The mean E of the two measxirements E x 
and E 2 is then calculated. In the case of the 
thread depth, vee pieces are used instead of 
the wires and two similar measurements are 
taken. Let the mean of these two measure- 
ments diminished by the thickness of the 
vees be denoted by C. 

The measurements at the crests and over 
the wires and vee pieces should he repeated 
at two or three places along the screw and the 
difference (E — F) and (F-G) determined at 
each position. 

The difference between, the mean measure- 
ments E and F is a measure of the relative 
thickness of the thread, whilst the difference 
between F and C is a measure of the thread 
depth. To check the accuracy of the screw 
from such measurements it is necessary to 
compare the measured difference (E — F) and 
(F — O) with those calculated from the theo- 
retical dimensions of the thread. The follow- 
ing formulae give the theoretical values of 
the two differences for the two types of taper 
screws : 

Let /3 = Semi-angle of cone, 

a = Semi-angle of screw thread, 
p = Pitch of screw, 

R t = Radius at crests of threads, 

R 2 == Radius at roots of threads, 
r = Mean radius of standard wires used. 

Type I . — Thread square to axis of gauge 
(Fig. 83), 

E - F = 2(r - R x ) -f 2 (r + R t ) cosec a- p cot a, 

F - C =33 cot a — 2(R X H-R 2 )(cosec a ~ 1). 

Type IL — Thread square to coned surface 
(Fig. 84), 

E - F = 2(r - R x )-b 2(r4 -R x ) cosec a cos f} 

- p cot a cos 

F - C = p cot a cos j3 

- 2(R X 4-R 2 )(cosec a cos /3— 1). 

When comparing the measured differences 
with those obtained by calculation, due allow- 
ances must be made for any errors found 
in the previous measurement of the full or 
outside diameter. It may be pointed out 
that the outside diameter, the measurement 
of which is described in (i. ) above, is not quit© 
the same as that- denoted by F in the above 
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formulae. The difference, however, is usually 
quite small and can be safely ignored. 

(iii.) Measurement of Pitch. — This element 
of a taper -plug screw is measured most 
conveniently on the vertical projection 
apparatus described in § (69). The method 
adopted is similar to that described for 
parallel plug screws in § (69) (viii.), except 
that in addition to moving the screw axially 
by the pitch - measuring micrometer screw, 
it is also necessary to translate it in the 
diametral direction in order to keep the image 
of the threads in view. 

(iv.) Measurement of Thread Angle and 
Examination of General Form of Thread. — For 
this purpose the screw should be mounted in 
either a microscope machine, such as described 
in § (33), or in a projection machine, as de- 
scribed in §§ (68, 69). The inclination of the 
flanks to the line joining the crests is measured 
in the first case by rotation of the cross-wires 
and in the second by means of a “ shadow pro- 
tractor ? 5 (see § (69) (vii.)). The general form 
of the thread is examined most conveniently 
in the projection machine by comparison of 
its image with an enlarged diagram. 

§ (39) Taper-ring Screws. — This form of 
gauge is usually tested by means of a series 
of taper - plugs, noting the axial positions 
in which the latter assemble with the ring. 
A complete set of taper checks would be as 
follows : 

(a) A full form screw. 

(b) A plain taper-plug for the core diameter. 

(c) A full diameter screw check the threads 
of which are cleared on the flanks and at the 
roots. 

(d) An effective diameter screw check whose 
threads are cleared everywhere except on the 
flanks. 

Each of these checks should be provided 
with a stepped shoulder to indicate the upper 
and lower limits for the ring gauge. 

In order to test the accuracy of the taper 
of the ring it is desirable to make the checks 
(6), (c), and (d) only a few threads in length 
and to make them in duplicate, so that one 
check engages with the ring towards the 
smaller end and the other towards the opposite 
end. 

It is a difficult matter to make direct meas- 
urements of the pitch of a taper-screw ring, 
but a fairly accurate test can be obtained 
by having an effective diameter plug check 
whose length is at least equal to that of the 
ring and of correct pitch. The behaviour of 
this check in the ring, as compared with that 
of the two short effective diameter checks, 
will give an indication of the accuracy of the 
pitch of the ring. 

The angle and general form of the thread 
of the ring can be examined by taking a cast 
of a sector of the gauge as described in § (27) 


(ii.). The cast is then tested on an optical 
projection apparatus. 

§ (40) Special Gauges and Instruments 

FOR TESTING SCREW THREADS. (L) “ Go ” 
and “ Not Go ** Gap Gauge for Screws . — 
Designed by Mr. W. Taylor of Taylor, Taylor 
& Hobson, Ltd., Patent No. 6900. 

This gauge is of the form shown in Fig . 85, 



which is taken from Iteport No. 38 of the 
British Engineering Standards Association. 
The three conical points a 9 a, and b are ac- 
curately ground to an angle of 55° and are 
truncated so as to clear the root of the thread. 
The pair aa y in the lower jaw of the gauge, are 
placed at a distance apart equal to exactly 
twice the number of threads contained in a 
nut corresponding to the size of bolt to he 
gauged. The third point b is fixed to the 
other jaw at the midway position. The 
diametral position of this point is set by means 
of a standard male screw, correct in pitch and 
angle and on the upper limit of effective 
diameter. A flat face c is fixed in the lower 
jaw opposite the single point. A standard 
wire d 9 whose diameter is such that it will 
touch the thread about half-way down its 
depth, is chosen, and the face c is adjusted so 
that the wire will just enter the thread of a 
screw which is correct in pitch and angle and 
whose effective diameter is on the lower limit 
of acceptance. 

In testing bolts or screw, if they enter the 
gauge and the cc not go ” cylinder d refuses 
to pass between the thread and the face c, 
then the screw is within the limits on effective 
diameter, and also the errors present in pitch 
and angle are not sufficiently large to virtu- 
ally increase the effective diameter above the 
upper limit over a length equal to that of a 
standard nut. 

(ii.) Effective Diameter Gauge for Nuts . — 
Designed by Mr. H. S. Rowell. 

This gauge is shown in Fig. 86. The two 
limbs a, a, which work on a pin p y are furnished 
at the ends of their shorter arms with points 
b 9 b 9 rounded at their ends to such a radius 
that they sink about half-way down into the 
thread to be gauged. The other ends have 
adjustable contacts c, c , screwed in, and a 
spring d tends to keep these contacts together. 
The ratio of the arms is 5 to 1. 
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As originally designed, the instrument was 
intended as a “ not go 5 5 effective diameter 
gauge. It was first inserted in a master ring 

gauge whose 
effective dia- 
meter was on 
the upper limit 
of tlie work to 
be tested, and 
the contacts 
were adjusted 
by screwing 
into the arms 
until they just 
met. When 
testing work the 
spring forced 
the gauging 
points apart, 
and if the ring 
was not too 
large on its 
effective dia- 
meter the con- 
tact points c, c , 
would fail to 
meet. If by 
sighting or by 
the use of a 
very thin “feeler 15 it was found that the points 
met, then the work was rejected as being too 
large. 

This type of gauge can also be used for 
making comparisons of effective diameter of 
ring gauges by reversing the contact points c, c, 
so that it is possible to micrometer across 
them. It will also serve for the measurement 
of the full diameter if the gauging points 

&, b , are made sufficiently 
sharp to reach the crest 
of the thread. 

(iii.) Taylor Expanding 
Effective Diameter Plug 
8 crew Gauge . — designed 
by Mr. W. Taylor. 
Patent No. 124001. 

This gauge takes the 
form shown in Fig. 87 
and is made up of two 
legs a, a , bearing on a 
hardened steel pivot b at 
one end, and held to- 
gether by the hoop- 
spring c at the top, 
The thread at the other 
end of the gauge, which is of the usual 
form for a “not go” effective diameter gauge, 
is finished to a certain measured size when 
the two legs are clamped together at the 
free end by a ring d on a suitable size 
distance piece. Whilst in this state the outer 
surfaces of the legs are carefully ground 
cylindrical. A collar e, whose bore is some- 
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what larger than the ground diameter of the 
arms, is fitted on after the distance piece has 
been removed. On releasing the screw of 
the clamp ring slightly, a position can be 
found when the collar will just lodge on the 
outside of the legs towards the lower end. 
The effective diameter across the centre of 
the screw can then be measured with standard 
wires, and this diameter will correspond to 
the position of the collar, which can be suitably 
marked by a line on the ground surface. In 
this manner the gauge can be calibrated for 
a number of positions of the collar along the 
gauge. The bore of the collar must not be 
much larger than the ground diameter of the 
gauge, as the rotational separation of the two 
halves of the screw about the pivot b will 
cause the threads to become inclined, and if 
this effect is allowed to go too far a serious 
error will arise. For the same reason, the 
range of any particular instrument must be 
somewhat restricted. 

When using the gauge to test work it is 
inserted by closing the two halves together 
and afterwards allowing them to separate so 
that the threads bear correctly in the ring. 
The collar e is then allowed to slide down 
until it takes up its position on the outside 
of the gauge. Its location on the scale then 
gives the effective diameter direct. 

This form of gauge has a comparatively 
long life as it is not subject to wear in screwing 
.it into or out of the work. Mr. Taylor has 
utilised the same principle in the design of 
split ring gauges, full details of which are 
given in the Patent Specification. 

(iv.) “ Scissor ” Gauge for B.A. B crews . — 
Designed by Mr. W. Taylor. 

A diagram of this gauge is shown in Fig . 88. 
It consists of two portions a, a , approximately 
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rectangular in section, which hear together on 
a pivot b, the necessary force being supplied 
by the spring C. The two jaws of the gauge 
can be brought together until contact is made 
on the faces d , d. When in this position a 
number of holes are made half in each jaw. 
The outer hole is tapped with a full form 
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screw of the correct nominal size of the screws 
to be tested. The next hole / is not tapped 
but is finished to a diameter equal to the 
lower limit of the full diameter of the screw. 
The screwed hole g has the form of thread 
shown in the enlarged diagram, and is such 
that it bears only on the flanks of a screw. 
Its effective diameter is equal to the lower 
limit. This hole consists of only a few threads, 
the remainder being cleared away. The last 
hole h is tapped with a steep angle thread and 
with sharp crests so as to come in contact 
only with the roots of the screws. Its core 
diameter is equal to the lower limit of the 
screws. This hole also comprises only a few 
threads. 

In testing screws they are inserted in the 
different holes in turn and the two jaws 
clipped together. When in the hole e it 
should be possible to bring the faces dd into 
contact and yet leave the screw free in the 
hole. If the screw binds in the hole it is too 
large. When inserted into any of the other 
three holes the screw should bind in each case 
when the jaws are clipped together. 

This split type of gauge has the advantage 
that it is not necessary to screw the thread to 
be tested in and out of the gauge, so that the 
gauge has a comparatively long life. The 
different holes of the gauge are readily checked 
by a correct nominal size master screw for 
the hole e and by another which has all its 
diameters on the lower limit for the other three 
holes. 

(v.) Adjustable Plug Gauges for measuring 
the Pitch and Effective Diameter of Screwed 
Rings . — Designed by Mr. T. Browett, Patent 
No. 120307, and developed by the National 
Physical Laboratory. 

The first of these two gauges is shown 
in Pig. 89, and is intended for measuring 
the pitch and effective diameters of screwed 
rings having 14 threads per inch Whitworth 
form and full diameters ranging from 1*994 
to 2*013 in. 

The gauge has an interrupted thread as 
shown, each portion consisting of two com- 
plete turns of thread so as to allow measure- 
ments of the effective diameter to be made by 
placing standard wires in the groove. The 
form of the thread is shown in diagram A, 
the crests and roots of the threads being 
cleared so that the gauge operates only on 
the flanks of threads to be tested. 

The upper of the two portions of the screw 
is cut on the body of the gauge 1, and the 
lower portion on the end of the plunger 2, 
which is an accurate fit inside the body. The 
screws are cut as parts of a continuous thread 
when the body and plunger are located 
together by means of the taper pin 3, On 
removing this pin it is possible to alter the 
relative positions of the screws in an axial 


position by means of the differential micro- 
meter screw 4, the necessary guidance being 
given by the two parallel pins 5. The micro- 
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meter screws on the spindle are threaded 
20 and 25 threads per inch R.H., so that one 
revolution of the spindle causes an axial 
displacement of (1/20 — 1/25) in., i.e. 0*01 in. 
Backlash is prevented in the micrometer 
screws by means of the spring shown. The 
head of the spindle is provided with a thimble 
6, divided into ten main parts, each part 
being subdivided into fifths, so that one small 
division represents an axial movement of 
0*0002 in. 

The screw of the gauge is finished to size 
and the distance between the two portions of 
the screw is made equal to exactly 12 pitches 
when the taper pin is in position and when 
the micrometer reads zero. The effective 
diameter is such, that the gauge will just 
screw into the smallest size of ring which 
it is intended to test. 

Before screwing the gauge into a ring the 
taper pin 3 is removed, since, owing to possible 
errors in pitch of the ring, it may be necessary 
to adjust the micrometer screw to allow the 
upper portion of the screw to enter. With 
the gauge screwed completely in the ring 
the micrometer spindle is rotated as far as it 
will go, first in one direction and then in the 
other, readings R x and R 2 being taken on 
the thimble for each position. The fits of the 
micrometer screws and the plunger of the 
gauge are sufficiently free to make the “ feel ” 
of the micrometer quite definite. 

Diagram A of Fig . 90 shows the positions 
of the two portions of the screw of the gauge 
when they have been separated as far as pos- 
sible, and diagram B when they are brought 
as close as possible. The error in the pitch of 
the ring over 12 threads is equal to (a + 6) ; in 
the figure this error is negative, i.e. the pitch 
is short. Now from the two diagrams A and 
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B, the actual diminution of the distance 
between the two portions of the gauge from 
setting A to setting B is given by 

(Brp "h Bi^) "• (Bijt — B 2 )> R^ R 2 ? 

and from the diagrams this is equal to 
2ct -j- 2 (b + R-^). 

*** 2d -+* 2(6 -f* R^) —R^ H- R 2 ? 

- R 2 -Ri 
a^b=~^ — \ 

In other words, the error in pitch is given 
hy the difference of the mean reading from 



the zero position of the micrometer. Also, 
the sense of the error is obtained by noting 
for which direction of rotation of the micro- 
meter the reading is larger. From the design 
of the differential screws it is clear that if 
the reading obtained by screwing clockwise 
is the larger, then the pitch of the ring is 
long, and vice versa . 

From Fig. 90 it is obvious that the effective 
diameter of the ring is appreciably larger than 
that of the gauge, and the difference between 
the two is clearly measured in terms of the 
sum of the readings B L and R 2 . In diagram 
C the length pq represents £(R 1 4-R 2 ). The 
difference in the effective radii of the ring and 
of the gauge is equal to rs 9 so that the effective 
diameter of the ring is larger than that of the 
gauge by an amount 2 x rs . This is equal to 
pq . cot Q, i.e. ^(R x + B 2 ) c °t £& the case 
of Whitworth thread, 6=2 7£° and cot 6 is 
equal to 1*92098. Consequently the differ- 
ence in the effective diameters is equal to 
0*96 x (R^R*). 

To take a practical example, suppose in a 
particular ring gauge it is possible to screw 
up the micrometer spindle in a clockwise 
direction by an amount registered as 5 divi- 
sions from zero, and the amount registered 
in the opposite sense is 12 divisions. The 
pitch of the ring is clearly short and by 
an amount equal to £(12-5) divisions, 
i.e. 0*0007 in. The effective diameter of the 
ring is larger than that of the gauge by 


0-96 x (5 + 12) divisions, i.e. 0*0033 in. approxi- 
mately. 

It should be noted that, in addition to 
standardising the gauge from the dimensions 
of its screw, it can readily be checked on a ring 
gauge whose pitch and effective diameter are 
accurately known. 

The gauge described above serves for 
measuring the pitch over the length taken up 
by a certain number of threads, and it gives 
a mean value of the effective diameter of the 
ring at the two positions corresponding to 
the two portions of the interrupted thread of 
the gauge. It is desirable, however, to be 
able to measure the effective diameter of a 
ring at several positions along its length, and 
for this purpose the gauge shown in Fig . 91 
was designed. This gauge differs from the 
former, shown in Fig . 89, only with regard 
to the interrupted thread. The end of the 
plunger is dovetailed into the end of the body 
and on the enlarged portion two complete turns 
of thread are cut, two diametral quadrants 
of the thread being on the body of the gauge 
and the other two on the plunger. As before, 
the two portions of the thread can be moved 
in an axial direction relative to each other 
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by means of the differential micrometer screw. 
The method of use and the calculation of the 
difference in effective diameter are the same 
as for the first type of gauge. 

This gauge has the advantage over the 
former type in allowing a number of local 
measurements of the effective diameter of a 
ring to be obtained. 

(vi.) Adjustable Ming Gauge for B.A. Screws. 
— Designed by Mr. H. I. Braekenbury. 

This gauge, which is intended for B.A. 
screws, is shown in Fig. 92. It consists of a 
circular base 1, which has a recess turned in 
its upper face. A disc 2 fits in this recess and 
is held in place by means of the retaining ring 3. 
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The disc 2 can he turned relative to the 
base 1 when the ring is screwed home, but 
there is no axial play between the disc and 
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the recess. An accurate hole is tapped through 
the two parts 1 and 2 so as to be a continuous 
thread. This hole forms the gauging parts of 
the instrument. As originally designed, the 
hole was threaded with a screw having a full 
form, thread, but better results are obtained 
if the core and full diameters are cleared, 
leaving only the flanks of the thread. 

The method of using the gauge is to first 
screw the thread to be tested completely 
into both parts of the gauge and then to 
rotate the disc 2 as far as it will go, first in 
one direction and then in the opposite sense, 
the amounts of rotation, being read on the scale 
on the disc against a line on the upper surface 
of the base. From these readings it is possible 
to estimate the errors in pitch and effective 
diameter of the screw in a manner similar 
to that described for the gauges in Figs . 89 
and 91, The error in the effective diameter 
is proportional to the amplitude of the angular 
motion of the disc, and the error in pitch is 
proportional to the mean of the two readings. 
The gauge is standardised by taking readings 
on a plug screw gauge of known effective 
diameter and pitch. 

It should be borne in mind that errors in 
the angle of the thread will affect the measure- 
ments of the effective diameter when using 
such gauging instruments as shown in Figs . 
89, 91, and 92. The measurements actually 
give the virtual effective diameter, i.e. the 
effective diameter at the half depth of the 
thread augmented in the case of plugs, and^ 
diminished in the case of ring screw, by the 
amount corresponding to the error present in 
the angle. 

Adjustable ring gauges for measuring the 
pitch and effective diameter of larger sizes of 
screws can be designed on the principle shown 
in j Fig. 92, but an improvement can be made 
by limiting the thread in each portion to one 
or two turns as in Figs . 89 and 91. 

(vii.) Special Gauge for Plug Screws . — With 
the exception of certain of the types of gauges 
described above it is usually necessary to 
screw the work and the gauge together. This, 


in time, causes wear of the gauge with corre- 
sponding inaccuracy in the results obtained. 
The gauge about to be described, which is for 
plug screws, permits of the work being in- 
serted directly between certain gauging points 
which not only saves wear on the gauge, hut 
also results in a saving of time for the actual 
gauging operation. 

The gauge which is patented under the 
names of Sir Henry Fowler, Mr. C, H. Taylor, 
and Mr. H. J. Alpe (Patent No. 116555) is 
shown in Fig . 93, of which A represents a 
diagram of the side view with one side cover 
removed, B a view of the screw and the 
gauging points, and C a plan of the instrument. 
The gauge consists essentially of a steel block 2 



having a transverse gap 3 for accommodating 
the screw 1 to be tested. A plate 4, which 
constitutes the fixed gauging member, is 
screwed to the block 2 on the one side, and a 
similar gauging member 5 is pivoted slightly 
eccentrically to the block and diametrically 
opposite on the other side of the gap, as shown 
at B. Each of the gauging members is 
provided with a pair of projecting teeth, the 
form of which may be the complete profile of 
the thread, or they may be cleared at the 
crests and roots so as to engage only with the 
flanks of the threads of the screw to be tested, 
if the gauge is not required to take account 
of the errors in the full and core diameters. 
The relative position of the two gauging 
members is indicated on the scale by the index 
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point 6, which forms the end of a thin pointer 
attached to the rotating member 5. A finger- 
piece 7 is provided for holding the screw 
firmly in the gap during the measurement. 
To insert a screw, this finger-piece is raised 
by means of the spring- controlled plunger 
8, which also slightly rotates the gauging 
member 5 so as to widen the gap between the 
points. Having placed the screw in the 
gap, the plunger is released. This first allows 
the finger-piece to clamp the screw in the gap 
and in contact with the fixed gauging member, 
and then permits the movable member to 
rotate on its pivots until it mates contact 
with the other side of the screw. 

The pointer 6 is set to the zero of the 
instrument when an accurate screw or gauge 
has been inserted in the gap. The distance 
between, the gauging points on the fixed 
member 4 is equal to the length over which 
it is required to test the screw, and it should 
be noted that, in the case of the truncated 
points the reading indicates not only the 
error in the effective diameter of the screw, 
btit in addition the equivalent of the errors 
in the pitch and angles of the flanks — in other 
words, *the error of the tc virtual ” effective 
diameter. If the points are made wfith full 
form profiles the gauge acts as a full form 
high limit gauge ; it then takes account also 
of the errors in the full and core diameters. 

In order to inspect the form of the thread, 
a suitable microscope 9 is incorporated in the 
instrument, and provision is made for tilting 
this microscope so as to view in the direction 
of the rake of the thread. The tilting adjust- 
ment is not strictly correct, as the profile seen 
is that of an oblique section, normal to the 
direction of the rake, instead of a true dia- 
metral section of the thread. The error 
involved, however, is not serious for the pur- 
pose of the instrument. 
The field of the micro- 
meter is illuminated 
through a small hole in 
the hinged plate. The 
eye-piece is provided with 
a graticule as in Fig . 94, 
which allows the image B 
of the thread of the screw 
to be compared with the two standard profiles 
A and B, which are set out to the correct mag- 
nification and which are separated diametric- 
ally by a distance representing, to the same 
scale, the radial tolerance on the diameters 
of the screw. 

The gauging points are hardened, and as 
the screws do not have to he screwed in and 
out of the gauge, the points retain their 
accuracy of form over a relatively long period. 

§ (41) Methods or generating Thee ad 
Forms and producing Screw Gauges. — 
Accurate single - thread tools designed to 
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complete the whole thread form in one opera- 
tion are often used in the production of screw 
gauges on a large scale. These tools frequently 
take the form of discs, as ** 
shown in Fig . 95, in which 
the cutting edge a can be 
ground back as required. 

All such tools, however, 
have to be originated from 
single -point tools ; the latter 
consequently form the basis 
from which all accurate 
screwed work is ultimately 
derived. 

One of these single-point 
tools is shown in Fig. 96, 
and such tools may he used directly in 
the production of gauges where only small 
numbers are required. The tools must have 
the sides of the vee at the correct angle and 
must also have the correct radius at the 
point. The sides of the tool can be made to the 
correct angle, and 
the angle can be 
measured without 
special difficulty, 
but the exact radiusing 
of the point is not so 
easy. If the amount of 
shortening S is incorrect, 
the tool will not cut the 
core and effective dia- 
meters of a screw in 
correct relation to each 
other. If, for example, 

the shortening is insufficient, then, when the 
tool is fed up to the work so as to make the 
effective diameter correct, the core diameter 
will be left too small. 

To obtain a tool with the correct shortening, 
a first approximation at any rate may be 
obtained by first grinding and lapping it 
perfectly sharp with an angle of exactly 55° 
and measuring its length with a micrometer 
from the sharp point P to a suitable point It 
at the opposite end. The amount S, by 
which it should be shortened in forming the 
radius at the point, is equal to one quarter 
of the depth of a Whitworth thread of the 
particular pitch to be cut. If this shortening 
is carefully done, and the point nicely rounded 
off, it ought to require very little further 
modification to adjust the tool finally so as 
to bring both core and effective diameters 
down sim ultaneously within the limits allowed. 
The exact amount of adjustment required 
will be ascertained from the results of measure- 
ments made on a screw which is being cut 
by it. 

This method is open to the objection that 
it is difficult to grind or lap the tool in the 
first place to a perfectly sharp point, and is 
recommended only as a means of obtaining 
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a first approximation to the form, in. the 
absence of more elaborate apparatus. 

A convenient instrument for measuring the 
amount that the point has been ground back 
is illustrated in Fig. 97. The micrometer 

( n 



head is first set to read on a small cylinder 
of known size wedged in the vee of the instru- 
ment. Preferably, the micrometer head is 
adjusted in position in its seating until this 
reading is the exact measure of the truncation 
corresponding to a cylinder of the size em- 
ployed. Readings subsequently taken on the 
point of a screw-cutting tool then give the 
exact measure of the truncation or shortening 
of the point of the tool. If C is the diameter 
of the cylinder used, the truncation S for the 
Whitworth thread is 0-583 x C. 

The actual cutting part of the tool is, of 
course, only the extreme tip, and with the 
smaller sizes this extreme tip will not find a 
bearing on the sides of the vee in the instrument, 
owing to the clearance which has to be provided 
for the micrometer point. The success of this 
instrument therefore depends on the absolute 
flatness of the two surfaces forming the sides 
of the cutting tool. Subject to this condition 
the correctness of the angle of the tool, and its 
truncation, can be determined with consider- 
able precision. The tool should have a defi- 
nite side clearance on each side, as shown 
in Fig. 96, or the test on angle will fail. 
Usually, however, owing to the rake, the 
clearance on one side will be very small, as 
indicated in the same figure. 

It is necessary to reduce the diameter of the 
measuring point of the micrometer head down 
to about 0-04 in. as shown, until only a small 
face Is left, and the hole left in the vee for 
the passage of the measuring point should be 
kept as small as possible, having regard to the 
sizes of tool to be measured. The dimensions 
indicated are suitable for measuring tools of 
any size up to 4 threads per inch, and should 
not be exceeded unless still larger tools are in 
contemplation. 

It is to be remembered that the 55° is to be 


the angle of the horizontal cutting surface 
of the tool, which is to be presented to the 
work exactly at the height of the lathe centres. 
No cutting lip should be ground in the top face 
of the finishing tool, which should be left 
perfectly flat. Whatever the value of the 
clearance angle at which the point . of the tool 
is backed away, and whatever side rake is 
given to the front edge of the tool for cutting 
coarse pitches, the 55° is to be the angle of the 
horizontal top face of the tool. If the tool 
is made to a 55° gauge held square with the 
backed-off front edge of the tool, the horizontal 
angle will be too small by an amount depending 
upon the clearance angle of the tool. It will 
be seen that the single-point tool used for 
finishing can only take very light cleaning 
cuts. The tools used in preparing the threads 
for the finishing cuts may be given a cutting lip, 
provided this is not so excessive as to leave 
a thread of such imperfect form that the final 
cut with the finishing tool fails to correct it. 

The cutting faces of the tool should be 
finished by lapping. If taken straight from a 
grinding wheel it is possible for the general 
angle of the tool to be correct, but for the 
point, which is the important part in cutting 
the thread, to be in error owing to elastic 
deformation during grinding. This error in 
angle at the point of the tool is fairly frequently 
found. 

To ensure that the tool is satisfactorily 
rarliused it is best to view it under a microscope 
or to project a magnified image on to a screen. 
If a projection machine such as is described 
in §§ (68) or (69) is available, it is easy to com- 
pare the tool with a drawing of the standard 
thread form and to make the tool conform 
to this. Exceptionally good definition can be 
obtained in projecting a tool owing to the 
backing off, and it is possible with a high 
magnification to check the truncation at the 
same time as the form at the point. 

Whatever method of measurement be 
adopted in preparing a tool, the final test 
is to cut a screw, and measure its effective 
and core diameters, and thread angle, and to 
examine the rounding at the root. If the 
shortening of the tool at the point is correct 
the difference between the effective and core 
diameters of the screw will be equal to the 
standard depth of the thread for the particular 
pitch concerned. If the difference is found to 
be too small, then the tool has been shortened 
too much at the point and vice versa. The 
shortening at the point should be adjusted by 
lapping either the sides or the point of the 
tool until the correct difference is obtained. 

Having produced a tool which will cut the 
effective and core diameters so that both 
are within the recognised limits of accuracy, 
it remains to complete the tops of the threads. 
The radius of the crest being the same as that 
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at the root, the tool which, has been used to 
cut the screw may be used to cut a suitable 
groove in the nose of the capping tool, shown 
in Fig a 98. This tool, when in use, is adjusted 
by eye (or preferably auto- 
\ I I matieally on being placed 

A 1 I 1 in the tool-holder), so as to 

fit properly the flanks of 

\ | ( | the thread already formed. 

J If, for any reason, the 
Tig, 98, gauge has to be taken off 

the centres after the opera- 
tion of forming the flanks and roots, care 
should be taken to see that the screw runs 
truly in the lathe before the capping tool is 
used, otherwise an error in concentricity may 
he introduced between the full diameter and 
the remaining elements of the screw. 

From a pair of single - pointed tools as 
above described, full-form single-thread tools 
of various types may be generated. 

Screw gauges are practically useless unless 
they are hardened. There are certain methods 
of hardening which are stated to produce no 
distortion of the gauge, and when using such 
processes on gauges which have been accurately 
cut in the unhardened state, it is only necessary 
to lightly polish the threads to remove the 
stain due to the heating effect. It usually 
happens, however, that the gauge becomes 
distorted when being hardened, and some 
correcting process has to be adopted. The 
most common method is to use suitable laps 
which for plug screws take the form of cast- 
iron. split rings, screwed internally with the 
correct form of thread, and which are charged 
with some fine abrasive powder such as emery 
or carborundum. Very often several such 
laps are used, one for the flanks of the thread, 
one for the crests, and another for the roots. 

Another method which is also in use is 
to grind the thread after hardening. The 
machines used for this purpose take the 
general form of a lathe, but the cutting tool 
is replaced by a thin grinding disc about 
4 in. diameter which has its periphery shaped 
similar to the cutting point of the tool shown 
in Fig . 96. A special appliance w hi ch is 
practically automatic in its action is used for 
trimming up the cutting edge of the wheel. 
A second wheel is used for cresting the thread, 
its periphery being shaped as in Fig . 98. 

Screwed ring gauges above about £ in. 
diameter are usually first screwed on" the 
lathe, using single-point tools or a single-thread 
chaser. Below this size they are usually 
threaded with accurately made taps, special 
jigs being used at times for guiding the tap 
and. to give it the correct lead. If distortion 
takes place in hardening, the rings are corrected 
by lapping, the laps taking the form of cast-iron 
screwed plugs, which are split through the 
centre and capable of being expanded. Here 


again it is the common practice to use a number 
of laps for the different parts of the thread. 

§ (42) Hardening Gauges. — The working 
faces of all gauges used for engineering purposes 
should be of hardened steel. There are various 
methods of obtaining this hardened surface : 

(a) The whole of the gauge or, in some cases, 
its working parts only are made of tool steel 
and the metal is hardened right through. 

( b ) The gauge or its working parts are made 
of mild steel which is case-hardened. This 
process consists of packing the mild steel parts 
in boxes with a material rich in carbon, the 
boxes being afterwards heated for several 
hours to a temperature of about 930° O. This 
results in an absorption of carbon by the 
surface of the parts ; the depth to which the 
carbon, penetrates depends upon the carbonis- 
ing material used and the duration of the 
heating process. If parts which have been 
carbonised by this process are afterwards 
subjected to the ordinary hardening process 
of heating to about 750° C. and quenching in 
water or oil, it is found that the high carbon 
steel at the surface ‘becomes hardened and 
forms a casing round the relatively soft, mild 
steel core. The thickness of the casing 
adopted in gauges is of an order of or ^ in. 

A modification of this process consists in 
heating the mild steel parts to a temperature 
of about 750° C. for about an hour in a bath 
of molten sodium cyanide, a material which 
is rich in carbon, and afterwards quenching 
from a temperature of about 700° C. Parts 
treated by this process have a hard casing, 
but its thickness is quite small, being often 
only a few thousandths of an inch. This 
thin casing, however, answers the purpose for 
small light parts or gauges. 

Hardening generally is frequently a cause 
of serious trouble to gauge-makers, especially 
those engaged on the manufacture of screw 
gauges. The difficulty arises owing to distor- 
tion of the gauge during the hardening process, 
and, as a consequence, any previous efforts to 
finish the gauge accurately to size are wasted* 
For information on this subject reference may 
be made to a paper read before the Institution 
of Mechanical Engineers in April 1920 on 
“ The Hardening of Screw Gauges with the 
Least Distortion in Pitch.” 

Useful information on the subject will also 
he found in Reiser’s Hardening and Tempering 
of Steel (Scott, Greenwood & Sons). 

A further point in connection with hardening 
gauges, which mainly concerns reference and 
standard gauges, is the question of stability 
of the steel. It is found that hardened steel 
has a tendency to change its size with time. 
This change occurs most rapidly in the first 
few weeks after the steel has been hardened, 
and the metal gradually becomes more stable 
as time goes on. The change is most notice- 



GAUGES 


347 


able in very hard steels ; this is natural, as 
such a steel must be in a very severe state 
of internal stress. If the steel is tempered 
and the strains become somewhat relieved it 
becomes more stable. 

This secular change in hardened steel can 
be reduced by artificial ageing through a special 
heat treatment. This method consists in 
heating the steel up to a temperature of about 
200° C. and allowing it to cool down at a 
uniform rate over a period of several hours. 
The heating and cooling process is repeated 
several times, but the maximum temperature 
attained is gradually reduced on each occasion. 

Results on the tests for stability of gauges 
are given in American Machinist for Novem- 
ber 27, 1920. 

§ (43) Standard Types of Screw Threads. 
— There are several well-recognised types of 
screw threads in common use in Great Britain, 
America, and on the Continent ; some of the 
best known are the Whitworth Thread, 
British Association Thread, Square Thread, 
Acme Thread, Sellers Thread, Metric Thread, 
and Lowenherz Thread. Particulars of these 
and other threads are given below. 

§ (44) The Whitworth Standard Thread. 
— The Whitworth Standard screw thread was 
first proposed by Sir Joseph Whitworth about 
the middle of the last century, and has been 
adopted for general engineering purposes in 
this country. The original tables of diameters 
and pitches were considered later by the 
British Engineering Standards Association, 
which laid down tables for three different 
systems of threads, known as the British 
Standard Whitworth (B.S.W.), the British 
Standard Fine (B.S.F.), and the British 
Standard Pipe (B.S.P.) threads. The Whit- 
worth form of thread is used in each of these 
systems, the main difference between them 
being the correlation of the diameters and 
the pitches. The standard sizes for the three 
systems are given in B.E.S.A. Reports, Nos. 
C.li. 7270, 84, and C.L. 6599 respectively. 

The form of the Whitworth thread is shown 
in Fig. 99. 



Symmetrical thread. Angle = 55°. 

Angular depth of thread = h = 0-9605 x 
pitch ( p ). 

Truncation at crest and root = t == x h. 
Finished depth of thread = d = 0-6403 x p. 
Radius at crest and root = ?* = 0137 xp. 


§ (4-5) British Association Thread. — For 
screws less than J in. diameter the Standard 
thread recommended by the B.E.S.A. is the 
B.A. thread. The standard sizes, which are 
in millimetre units, are given in the B.E.S.A. 
Report, No. C.L. 7271. 

The form of the thread is given in Fig. 100. 



Symmetrical thread. Angle=47°-5. 

Angular depth of thread = & = 1-136 xp. 
Truncation at crest and root = 2 = 0-236 x h. 
Finished depth of thread = d = 0-6 xp. 
Radius at crest and root = r = x \ x p 
(approx.). 

§ (46) Square Thread. — This -form of 
thread is used for screws which have to trans- 
mit or withstand considerable end thrusts as 
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Fig. 101. 


in screw presses. The fprm of the thread is 
shown in Fig. 101. 

This type of thread is difficult to cut with 
taps and dies and is being superseded to a 
considerable extent by the Acme thread. 

§ (47) Acme Thread. — This form of thread 
is used extensively for transmitting thrusts 
and is the type most frequently used for lead 



Fig. 102. 

screws of lathes. The form of thread is shown 
in Fig. 102. 

A radial clearance of 0-01 in. is allowed at 
the root of the screw and at the full diameter 
of the nut. The depth of engagement of the 
threads is equal to half the pitch. 

§ (48) Sellers Thread. — The Sellers or 
United States Standard thread is the type 
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used in that country for general engineering 
work. The form is shown in Fig . 103. 



Symmetrical thread. Angle =60°. 

Angular depth of thread = h = 0*8660 xp m 

Truncation at crests and roots = J x h. 

Finished depth of thread = <2 = 0*6495 xp. 

Crests and roots are flat. 

Width of flats at crests and roots =/=| xp. 

§ (49) International Metric Tube ad. — 
The International Standard Screw thread 
was adopted at the International Congress 
for the standardisation of screw threads held 
at Zurich in 1899. It is used extensively on 
the Continent and also to some extent in 
this country in the automobile industry. 
The form of the thread is shown in Fig . 104, 



from which it will be seen that a definite 
clearance is made at the roots of the screw 
and at the full diameter of the nut. This 
gives the screws a better opportunity of fitting 
together on the flanks of the thread. 

Angle = 60°. 

Angular depth of thread = 0-8660 xp. 

Truncation at crest of screw and at core 
diameter of nut = ^ x h. 

Truncation at root of screw and at full 
diameter of nut = fa x k. 

Radius at root of screw and at full diameter 
of nut = fa x h . 

§ (50) Lowenherz Thbead. — The Lowcn- 
herz form of thread is used in Germany for 



small screws such as are used in instrument 
work. The form of the thread is given in 


Fig. 105. The angular depth of the thread 
is made equal to the pitch. 

Symmetrical thread. Angle = 53° S'. 

Angular depth of thread = p. 

Truncation at crests and roots = -J- xp. 

Finished depth of thread = f x p . 

§ (51) Buttress Thread. — This form of 
thread is sometimes used for screws which 
have to withstand an axial force acting in 
only one direction. The angle between the 
flanks is 45°, and one flank is normal to the 
axis of the screw, as shown in Fig. 106. The 



truncation at the crests and roots varies in 
practice from J to £ of the angular depth of 
the thread. The roots are often rounded for 
ease in manufacture. 

§ (52) Cycle Engineer’s Thread. — This 
form of thread was standardised by the Cycle 
Engineers’ Institute in 1902, and is shown in 
Fig. 107. 



Symmetrical thread. Angle = 60°. 

Angular depth of thread = 7 a =0*8660 x p> 

Truncation at crests and roots = •&■ xp. 

Finished depth of thread = cZ = 0-5327 x p. 

Radius at crests “and roots = & x p . 

§ (53) Briggs Pipe Thread. — This thread 
is used in the United States, and is now stand- 
ardised as the National Pipe Thread. The 
form of thread is shown in Fig . 108. 



Symmetrical thread. Angle = 60°. (Square 
to axis of pipe.) 

Angular depth of thread = /* = 0*8660 x p . 
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Truncation at crests and x'oots = 0-0330 x p. 

Finished depth of thread = cZ = 0-8000 x p. 

Crests and roots are flat. 

The threads on the pipes and fittings are 
tapered by T V in. per inch on diameter. 

Particulars of other forms of threads of I 
lesser importance than those given above 
"will be found in Machinery's Screw Thread 
Book (Machinery Publishing Co., Ltd., 
London). 

§ (54) Standard Sizes of Screw Threads. 
— The Tables below give the full diameters 
and corresponding pitches for the commoner 
systems of screw threads which have been 
standardised. References to the official pub- 
lications are given in each case. 

§ (55) British Standard Wi-iitworth 
Threads (B.S.W.). — Used in general engin- 
eering work. Reference : B.E.S.A. Report, 
No. C.L. 7270. 


Full Diameter 
(Inches). 

Threads per 
Inch. 

Full Diameter 
(Inches). 

Threads per 
Inch. 

i 

20 

if* 



18 

if 


t 

16 

if* 


t 7 tt 

i 14 

if 


f 

12 

if* 


T V 

12 

2 


f 

11 

2f * 

4*5 

■H* 

11 

2f 

4 

i 

10 

21 * 


if* 

10 

2f 

I ‘ , 

£ 

9 

2-f * 

1. • 

it"! * 

9 

2f 


1 

8 

2J* 

3-5 

if 

7 

3 

3*5 

i£ 

i 

7 




* The B.E.S.A. recommends that for general use 
these sizes be dispensed with. 

Note. — T he table is continued up to 0 in. in the 

Report. 

§ (56) British Standard Fine Threads 
(B.S.F.). — Used in general engineering work 
where a somewhat finer pitch is required. 
Reference : B.E.S.A. Report, No. 84. 


§ (57) British Association Threads (B.A.). 
— Used in instrument work. Reference : 
B.E.S.A. Report, No. C.L. 7271. 


Designating 

N umber. 

Full Diameter 
(Millimetres). 

Fitch 

(Millimetres). 

0 

6*0 

1*0 

1 

5*3 

0*9 

2 

4*7 

0*81 

3 

4*1 

0*73 

4 

3*6 

0*66 

5 

3*2 

0*59 

6 

2*8 

0*53 

7 

2*5 

0*48 

8 

2*2 

0*43 

9 

1*9 

0*39 

10 

1-7 

0-35 

11 

1*5 

0*31 

12 

1*3 

0*28 

13 

1*2 

0-25 

14 

1*0 

0*23 

15 

1 0*9 

0*21 


Note. — The table is continued in the Report down to 
the size No. 25. 


§ (58) British Standard Pipe Threads 
(B.S.P.). — Smaller sizes used in general 
engineering work. Reference : B.E.S.A. Re- 
port, No. C.L. 6599. 


Nominal Bore 
of Pipe 
(Inches), 

Full Diameter 
of Thread 
(Inches). 

Threads per 

Inch. 

4 

0*383 

28 

i 

0-518 

19 

t 

0-656 

19 

f 

0-825 

14 

f 

0-902 

14 

f 

1*041 

14 

I 

1*189 

14 

l 

1*309 

11 

if 

1*492 

11 

U 

1*650 

11 

if 

1*745 

1 11 

if 

1*882 

11 


§ (59) Special French Metric Screws. — 
This series of screws was standardised by 
the B.E.S.A. for use in aircraft engine con- 
struction. The System International form 
of thread was adopted. Reference : B.E.S.A. 
Report, No. C.L. 3750. 


Nominal Size 
(Millimetres). 

Pitch 

(Millimetres). 

Nominal Size 
(Millimetres). 

Pitch 

(Millimetres). 

3 

0*60 

8 

1*25 

4 

0-75 

9 

1-25 

5 

0-75 

10 

1*50 

6 

1-00 

11 

1*50 

7 

1-00 

12 

1*75 


For sparking plugs the standardised sizes 
are : 

Pitch 1-5 mm. 


Full Diameter 
(Inches). 

Threads xier 
Inch. 

Full Diameter 
(Inches). 

Threads per 
Inch. 

•r\ 

28 

1 

10 

i 

26 

if 

9 

S) 

VT'J 

26 

if 

9 

TIT 

22 

if 

8 

§ 

20 

if 

8 

A 

18 

if 

8 

£ 

16 

if 

7 


16 

2 

7 

£ 

14 

2f 

6 

u 

14 

2f 

6 

£ 

12 

2f 

6 


12 

3 

5 

* 1 

11 


** 
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Sparking Ping 
(Millimetres). 

■ 

Tap lied Hole 
(Millimetres). 

Max. 

Min. 

Max. 

Min. 

Pull Diameter . 
Effective ) 

Diameter J 
Core Diameter . 

17-975 

17-001 

15*864 

, 

17-850 

16-876 

15-739 

18*312 

17*176 

16-201 

18-187 

17-051 

16-076 


Reference : B.E.S.A. Report, No. 45* 

§ ( 60 ) U.S.A. National Coarse Threads. — 
These screws, which have the Sellers form of 
thread, are used for general engineering pur- 
poses. Reference : Report of National Screw 
Thread Commission (U.S.A.), 1920. 


Full Diameter 

Threads per 

Full Diameter 

Threads per 

(Inches). 

Inch. 

(Inches). 

Inch. 

0-073 

64 

TIT 

12 

0-086 

56 

4 

11 

0-099 

48 

4 

10 

0-112 

40 

l 

9 i 

0*125 

40 

1 

8 

0-138 

32 

H 

7 

0*164 

32 

ii 

7 

0-190 

24 

H 

6 

0-216 

24 

if 

5 

i 

20 

2 

4-5 

tV> 

18 

21 

4-5 

t 

16 

21 

4 


14 

2f 

4 

£ 

13 

3 

4 


§ (61) U.S.A. National Fine Thbeads. — 
These screws, which have the Sellers form 
of thread, are used where somewhat finer 
pitches are required. Reference ; Report of 
National Screw Thread Commission (U.S.A.), 
1920. 


Full Diameter 
(Inches). 

Threads per 
Inch. 

Full Diameter 
(Inches), 

Threads per 
Inch. 

0*060 

80 

A 

18 

0-073 

72 

t 

18 

0*086 

64 

4 

16 

0-099 

56 

1 

14 

0*112 

48 

1 

14 

0-125 

44 

11 

12 

0*138 

40 

ii 

12 

0-164 

36 

4 

12 

0-190 

32 

14 

12 

0-216 

28 

2 

12 

i 

28 

21 

12 

tV 

24 

21 

12 

1 

24 

24 

12 

t 7 ti 

20 

3 

10 

* 

20 




§ (62) U.S.A. National Pipe Thbeads. — 
These screws have the Briggs form of 
thread. They are used for connections of 
pipes and pipe fittings. Reference : Report 


of National Screw Thread Commission (U.S.A.), 
1920. 


Nominal Bore 
of Pipe 
(Inches). 

Outside Diameter 
of Pipe 
(Inches). 

Threads per Inch. 

1 

0*405 

27 

1 

0-540 

18 

i 

0-675 

18 

1 

0*840 

14 

4 

1-050 

14 

1 

1-315 

11-5 

ii 

1*660 

11-5 

n 

1-900 

11*5 

2 

2-375 

11-5 

2£ 1 

2*875 

8 

3 

3-500 

8 

3* 

4-000 

8 

4 

4-500 

8 

4£ 

5-000 

8 

5 

5-563 

8 

6 

6*625 

8 

7 

7-625 

8 

8 

8-625 

8 

9 

9-625 

8 

10 

10-750 

8 

12 

12*750 

8 


Note. — The full diameter of the thread is somewhat 
less than the outside diameter of the pipe. The 
table is continued in the Report up to an outside 
diameter of 30 inches. 

§ (63) Data eob Use in the Measurement 
of Effective Diameter of Plug Screws 
with Standard Wires. — The effective dia- 
meter of a plug screw thread is equal to the 
measurement T, under the wires. Fig. 50, 
plus a certain constant which depends upon 
the mean diameter of the wires d, the pitch 
of the thread p, the thread angle 2a, and 
the rake angle of the thread. This constant 
is usually denoted by P thus. 

Effective diameter E ~ T *4- P. 

The general formula for determining P is 

P=i cot axy - (cosec a — 1) x d 

( cos a cot a\ p 2 7/ , 

_ ^ — __ j|, 2 X d (very nearly). 1 

For the Whitworth Thread Form (where 
2a = 55°), 

P =0-96049 xp- 1-16568 xd- 0-086 x^ 2 x d. 

For the United States Standard and 
International System Thread Forms (where 
2a = 60°), 

P =0*86602 x p - d - 0-076 x ^, 2 x d. 

For the British Association Thread Form 
(where 2a = 47°-5), 

P = 1-13634 xy>- 1-48295 xd- 0*105 x x d. 

xu 4 


_ * Jeffcott, “ Notes on Screw Threads,” Proc. Inst. 
Mech. Engrs., 1907, ii. 
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For the Acme Thread Form (where 2a = 29°), 
P = 1-93336 xp - 2-99393 x d- 0-190 x |,- 2 x d. 

For the Lowenherz Thread Form (where 
2a =53° 8'), 

P =0-99993 x p - 1-23594 x d - 0091 x^ 8 xi 

The last term In the above formulae arises 
from the fact that the wires set themselves 
in directions corresponding to the helix angle 
of the thread. Generally speaking, the 
numerical value of this term is small and may 
be neglected, but it should be included in all 
cases where the rake angle of the thread is 
appreciable and the pitch is coarse. For 
B.S.W. threads the value amounts to nearly 
0-0002 in. in some cases. 

Assuming that the angle of a screw is correct, 
its effective diameter can be obtained by using 
any size of accurate wires provided they 
make contact somewhere on the straight 
flanks. The appropriate value for P is 
calculated by substituting in one of the 
above formulae the actual mean diameter of 
the wires used. If, on the other hand, the 
thread angle is incorrect, the i*eal effective 
diameter is obtained most readily by using 
particular size wires which touch the thread 
at or very close to the half depth. These 
wires are usually known as the “ best ” size 
wires. Other sizes of wires can be used, but it 
becomes necessary either to substitute the 
actual measured angle of the particular thread 
in the above general formula for P, or else to 
apply a certain correction (formulae given 
below) to the P values obtained from one of 
the particular formulae, the constants of which 
are calculated from the nominal thread angle. 

The range of diameter of wire which can be 
used in a thread is shown in Fig. 109. The 
maximum size rests at the extreme upper end 
of the straight portions of the flanks, whilst 
the minimum size, for practical reasons, is 
such that the top of the wire comes flush with 
the crests of the threads. 

The following table gives formulae for cal- 
culating the maximum, minimum, and cc best ” 
sizes of wires for various thread forms : 


60 degrees in the thread angle, the correc- 
tions to be applied to the P value are given 
below : 


Form of Thread. 

Correction to P value. 

Whitworth . 

U.S. Standard and \ 
International V 
System . j 
British Association 
Acme .... 
Lowenherz . 

(0-036 x d- 0-020 x p) x 80 

(0-030 x d- 0-017 xp)x 80 

(0-049 x d- 0-027 xp)x 80 
(0-135 x d- 0-070 xp)x 80 
(0-039 xd— 0-022 xp) x 80 


If the angle error is positive, and if 
wires larger than the “ best ” size are used, 
then the correction to be applied is also 


Max . Wire 



positive. The sign of the correction is 
given by the formula if the sign of 66 be 
introduced. 

Assuming that the flanks of the threads are 
straight, it is possible to obtain a close estima- 
tion of the thread angle by measuring the 
effective diameter with two sets of wire which 
approach the maximum and minimum sizes 
respectively for the particular pitch and form 
of thread. 

If E x = Effective diameter as obtained from 
the larger set of wires (mean 
diameter, d t ) 9 

E 2 = Effective diameter as obtained from 
the smaller set of wires (mean 
diameter, d 2 )> 

then 66 — (E 2 - E 1 )/0*036(d 1 - cL) for Whit- 
worth threads. 

Similar formulae can be obtained for the 
other thread forms by inserting the appropriate 
factor in the denominator as 
given in the last table. 

This method gives only the 
total error in the thread angle, 
and does not differentiate 
between the individual errors 
of the two flanks which can 
only be observed by optical 
means. For this reason, the 
method of obtaining the error 
in the total angle by means of 
wire measurements, is used 
merely as a check on the optical measure- 
ments 


Form of Thread. 

Diameter of Wire. 

Maximum. 

“ Best.” 

Minimum. 

Whitworth 

U.S. Standard and Inter- 
national System J 

British Association 

Acme 

[Lowenherz 

0- 853 xp 

1- OlQxp 

0-730 xp 
0-650 xp 
0-978 xp 

0-564 xp 

0*577 xp 

0*546 xp 
0-516 xp 
0*559 xp 

0*506 xp 

0*505 xp 

0*498 xp 
0*487 xp 
0*541 xp 


When using wires other than the cc best ” 
size for measuring a screw having an error of 
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IV* Optical Projection Apparatus for 
G-aug-e Testing 

Up to about December 1915 the only optical 
method used in testing screw or profile gauges 
was the application of the microscope apparatus 
referred to in § (34). By means of this 
apparatus it was possible to take complete 
measurements of the smaller sizes of screws. 
Although a visual examination of the form 
of the thread could also be made on this 
apparatus it was not possible to state directly 
the amounts in thousandths, or ten-thou- 
sandths, of an inch by which the various parts 
of the profile differed from the standard, or 
nominal profile. Some assistance is obtained 
if the eye-piece of the micrometer is provided 
with a graticule, on the Rheinberg system, of 
the standard profile made to the appropriate 


with a diagram of the standard form drawn 
to the corresponding magnification. By 
suitable choice in the powers of the lenses it 
was possible to obtain a magnification of 
exactly 50 on the image, this figure being 
decided upon as being the most convenient 
for gauge - testing purposes. Knowing the 
magnification of the image, it became possible 
to measure its errors with reference to the 
standard diagram by means of a scale. 

§ (64) First Projection Apparatus for 
Screws. — The general scheme of the first 
projection apparatus is shown in Fig. 110, 
which is self-explanatory. The apparatus 
was arranged on a horizontal bench, about 
6 ft. by 2 ft., and by means of the prism 
the image was obtained on a horizontal screen 
placed conveniently at one end. The success 
of the apparatus depended upon the formation 


Prism Eye piece 


Projecting Microscope 

Objective s Screw Gauge Condenser % Watt Lamp 




I Screen 



Elevation 




Axis of lamp & condenser 
adjusted parallel to rake 
of thread \ 



magnification to suit the power of the objective 
used. By such means it is then possible to 
fit together the images of the two profiles and 
to note any departure of the actual image 
from that of the correct form. A means 
of measuring the differences, however, would 
still be lacking. Moreover, the system would 
make it necessary to change the graticule in the 
eye-piece for each different pitch of screw to be 
measured. The use of the microscope for 
screws having a coarse rake of thread also in- 
volves other difficulties as explained in § (33). 

The question of the optical examination 
of screw threads was considered by Mr, E. 
M. Eden of the National Physical Laboratory 
in the autumn of 1915, and it soon became 
clear that some departure from the microscope 
form of apparatus would have to be made in 
order to obtain accurate results with semi- 
skilled observers. The first scheme was to 
use the optical system of the microscope to 
produce on a screen a magnified shadow-like 
image of the profile of the thread. This 
image was then compared by superposition 


of an image of uniform magnification through- 
out and free from chromatic defects. It was 
only after experimenting with several com- 
binations of objectives and eye-pieces that 
these objects were satisfactorily attained. 

The objective finally chosen was one 
marked “ 3 D,” made by R. & J. Beck, Ltd. : 
the eye-piece was a Kelncr’s Orthoscopic by 
Ross. The diameter of the useful field over 
which no distortion could be detected was 
about 7 in. This was quite sufficient for 
ordinary screw gauge work. The two lenses 
and the screen were suitably disposed so as 
to give the required magnification. The 
centres for carrying the screw gauge were 
then placed at such a distance as to give th© 
best definition of the image on the screen. 
When placing screws in the machine the 
longitudinal position of the centres was not 
changed, but provision was made for raising 
and lowering them to suit screws of different 
diameters. 

Adjustment for Rake of Screw . — In this type 
of machine as well as in the microscop© ap~ 
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paratus, it is necessary that the illuminating 
beam should be in the direction of the slope 
or rake of the threads* It should be carefully 
noted that, in order to obtain a true image 
of a diametral section of the screw, the axes 
of both the lenses have to be kept perpendicular 
to that of the gauge, and the screen itself must 
be parallel to the same axis. Any adjustment 
for the rake of the thread must be made on the 
illumination. For this purpose, the lamp and 
condenser were mounted on a frame which 
could be turned about a vertical axis under 
the eye-piece. This inclination of the beam 
necessitated a lateral movement of the ob- 
jective so that its centre might remain on the 
centre line of the beam, the perpendicularity 
between the axes of the objective and the 
gauge being preserved. 

§ (65) Single Lens x4lpparatus for Screws. 
— The next step in the development of a pro- 
jection apparatus for screw gauges was the 
substitution of a single lens for the pair of 
lenses. 

After experimenting with a number of lenses 
it vras found that the “ Petzval 55 series, as 
used in kinematograph work and made by 
Dallmeyer, was particularly well suited for the 
purpose of screw-gauge projection. The No. 1 
lens of this type has a 2-in. focus, and the 
distance from gauge to screen for a magnifica- 
tion of 50 is about 9 feet, whilst the No. 4 lens 
has a 3-in. focus, the distance in this case 
being about 13 feet. The definition given by 
these lenses is good, particularly in the case 
of the one with the shorter focus. Each lens 
gives an undistorted image over a sufficiently 
large field for screw-gauge work. 

§ (66) Vertical Projection Apparatus. — 
In order to make the apparatus convenient to 
use, and incidentally to reduce the floor space 
required, Mr. Eden devised the scheme of 
carrying out the projection in a vertical 
direction. A horizontal mirror placed above 
the bench was used to reflect the image on 
to a horizontal screen which was placed at the 
level of the screw gauge. The principle of this 
vertical projection apparatus is shown in 
Fig* 111. A standard type of machine was 
designed at the National Physical Laboratory 
in 1917 on this principle. This machine not 
only allows the form of the thread to be 
inspected, but, being provided with measuring 
devices, it also enables plug screws up to 
2 in. diameter to be measured completely. 
This machine is described fully in § (69). 

§ (67) Compound Projection Lenses for 
Large Field of View. — So far we have con- 
cerned ourselves with the application of the 
projection apparatus to the testing of screw 
gauges. The principle was also developed by 
Mr. Eden in 1916 in connection with the 
examination of profile gauges in the form of 
plates. 


The problem presented greater difficulties 
than the one on screw gauges referred to 
above. The main object was to be able to 



project an undistorted image of a plate 
gauge up to about 1^ in. in size. Such 
gauges were used in large numbers and 
varieties during the war’ on munition work 
for checking the form of the copper-driving 
bands of shells. The accuracy required in 
testing the profile of the gauges was about 
0-0005 in. 

It was found by experiment that even high- 
class camera lenses of large aperture when 
used alone would not give the desired result. 
The image produced was distorted in every 
case. This was hardly surprising, as such 
lenses are designed to give correct results 
when used for their own particular purpose. 
Such lenses could be used, however, as pro- 
jection lenses, provided the whole of the image 
to be examined fell within an area of not more 
than about 2 feet in diameter, the distortion 
over this limited area being usually negligibly 
small. In order to obtain a sufficiently large 
undistorted image it was found necessary to 
use these lenses in conjunction with field 
lenses having an aperture of about in. 
The particular type of lens used for the field 
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is a triple achromatic lens, made by Ross, 
having a focal length of about 6-| in. Special 
care has to be used in mounting the two 
lenses, as it was found that the distortion effects 
depend upon the distance between the two 
components. In practice, each pair of lenses 
should be tested first in an adjustable telescopic 
mount and their separation varied until the 
distortion is a minimum. The distance he- 
tween the lenses is then measured and they 
are afterwards fitted to a special mount of 
this length. 

The distortion is tested by projecting an 
image of a plain parallel plug. Tor the lens 
to be satisfactory this image should be of 
equal width from one side of the field to the 


nection with the supply of special optical glass 
in the early days of the war. The lenses used 
were selected from standard types which were 
stocked by the makers. 

§(68) Standard Horizontal Projection 
Apparatus. — Having solved the difficulty 
regarding the lenses, a standard type of 
horizontal projection apparatus was designed 
at the National Physical Laboratory in 1916. 
This apparatus serves not only for plate gauges 
up to about If in. in length, but can also be 
used for inspecting the thread forms of screws, 
(i.) The Apparatus . — The general principle 
of the apparatus as extremely simple and is 
shown in Fig . 1 12, The light is obtained from 
a small right-angle pattern arc lamp 1, the 



other, and the definition of the edges should 
also be constant in different parts. 

The first compound type of lens consisted 
of a 6-in. Boss Xpres, F 4*5, camera lens 
combined with a field lens by the same maker. 
This combination gives an undistorted image 
over a field of about 80 in. diameter with a 
magnification of 50. The definition is reason- 
ably good throughout the area of this field. 
The distance from the gauge to the screen is 
about 21 ft. 6 in., and the working distance 
from the back surface of the field lens is If in. 
Other high-class camera lenses are also used 
in place of the Xpres lens. The following 
have been tried and an improved definition 
obtained — Ross Homocentric F 5*6 and F 6-3, 
Boss cc Tessar ” and the Dallmeyer “ Serrac.” 

It should be noted that no attempt was made 
to design a special lens for the purpose owing 
parti} 7 ' to the difficulty w T hich arose in con- 


crater of the arc being placed at the focus of 
an achromatic condenser 2. Both the lamp 
and condenser are supported from a pair of 
rods 3 which, for purposes of rake adjustment, 
can be rotated through about 10° on each side 
of the C.L. in a horizontal plane about ant axis 
passing through the centre of the post 4, 
which carries the compound projection lens 5. 
When testing plate gauges the lamp can be 
fixed in the central position by means of a pin 
16. The lens post is screwed down to the bed 
plate 6, which carries a slide 7 on a vee and a 
flat machined on its upper surface. This slide 
carries two vertical rods 8 and 9, one of which, 
8, is provided with a sleeve 10, to which is 
fixed a cross bar 11. The sleeve carrying the 
cross bar can be moved up and down the rod 
8 by means of the screw and nut shown, a 
handle 12 being provided for operating the 
screw. A small plate having a hole which fits 
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the rod 9 is attached to the cross bar II, and 
prevents it from rotating. The cross bar is 
provided with a slide 13 which carries a pair 
of centre brackets 14 and a clamp plate 15. 
When testing screw gauges they are held 
between the centres. Plate gauges are 
clamped between the slide 13 and the plate 15. 
Any special work may be stood upon the upper 
machined surface of the slide 7. By means 
of the vertical movement of the cross bar 11 


by means of levers. The vertical movement is 
given by two handxvheels. 

(iii.) Diagrams — The diagrams of form 
gauges which serve as the standards with 
which the projected images are compared, 
should be carefully drawn to the correct scale 
on white cardboard having a good smooth 
surface. It has been found that such diagrams, 
especially when they reach 6 or 7 feet in 
length, vary appreciably in their dimensions 



Fig. 113. 


and the side way motion of the slide 13, it is 
possible to adjust the gauges with respect to 
the lens. 

In order to focus the image of the gauge the 
slide 7 is moved on the bed plate so as to vary 
the distance from the lens. This movement 
is transmitted through a connecting rod 17, 
the other end of which is clamped in a block 18 
which is operated by an eccentric pin on the 
spindle 19. This spindle has a cross arm 20, 
from, the ends of which cords are taken over 
pulleys to the screen at the other end of the 
room, and by pulling one or other of these 
cords at the screen the image can be brought 
into focus. 

The accuracy of the results obtained by the 
use of this apparatus will depend largely upon 
the alignment and squareness of the various 
parts of the machine, and the care which is 
taken in setting up the machine and the screen. 

(ii.) The Screen . — A general view of the 
machine is shown in Fig . 113 and that of the 
screen in Fig . 114. The latter consists of a 
vertical board about 8 feet square which is 
supported in a special manner so as to be 
movable in its own plane through a limited 
range. This movement is necessary for the 
purpose of bringing the standard diagram of 
the gauge into correct superposition with the 
projected image. The greater part of the 
setting can be made by adjusting the gauge 
on the machine vertically and sideways, but 
the final adjustment has to be done on the 
screen itself. The latter can be moved side- 
ways on two horizontal bars fixed to the wall 


with the state of humidity of the atmosphere. 
Before using a diagram which has been drawn 
out some time before, it is necessary, therefore, 
to make a few check measurements on the 
over-all dimensions. 

The type of standard diagram for use when 



Fig. 114. 


examining screw threads is described in 
§ (69) (v.)~ 

§ (69) Vertical Projection Apparatus. — 
The vertical type of projection apparatus 
designed at the National Physical laboratory 
in the latter end of 1916 is intended mainly 
for screw gauges and is arranged so as to deal 
with this class of work in a very convenient 
manner. The machine is compact, requires 
little floor space as compared with the hori- 
zontal machine, and can be operated by one 
observer. Generally speaking, the apparatus 
may be considered as being an ordinary pro- 
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jector stood vertically on. end, but instead 
of allowing the image to be formed on the 
ceiling it is reflected clown on to the table 
t>y a horizontal mirror placed above the 
machine. 

Front and side views of the complete appa- 
ratus are shown, in JFig. 115. There are three 
main parts. (A) The arc lamp of special right- 
angle design. (B) The body of the machine 
which has attachments for holding the pro- 
jection lens and the gauge. It is fitted with 
micrometer screws for measuring the gauge 


The Ho. 4 Dallmeyer Kinematograph lens is 
used in this apparatus. The mirror is optically 
finished, and in order to avoid ghost, effect due 
to double reflection at the surfaces it is made 
tapered from front to hack. By this means 
the lesser image produced by reflection at the 
under glass surface is thrown well clear of the 
main image. 

The direction of the illuminating beam has 
to he set so as to follow the slope of the threads, 
and for this purpose it is possible to tilt the 
prism 2, by means of the lever 5, about a 



and forms a support for the vertical post. 
(C) The mirror which reflects the image down- 
wards. 

(i.) Optical Scheme, of the Machine . — This is 
shown diagrammatically in Fig. 116. The 
illuminating beam from the arc lamp A is 
rendered closely parallel by means of the 
condenser and passes into the body of the 
machine through a horizontal tube 1, half 
way along which it strikes a 45° glass prism 2, 
which reflects it upwards in the direction of 
the gauge 3. After passing the gauge, the 
rays traverse the projection lens 7, and on 
meeting the mirror C are reflected downwards 
and come to a focus on the desk 8, which acts 
as the screen for the reception of the image. 


horizontal axis at right angles to the incoming 
beam. This tilt is produced by moving the 
prism slightly along the tube 1, which causes 
the other end of the arm, to which the prism 
is attached, to move up or down the inclined 
bar 4. A pair of stops 6 are provided for 
limiting the travel of tlie rake lever 5. 

(ii.) Mechanical Arrangement . — The general 
arrangement of the body of the machine is 
shown in Fig. 117. 

. The screw gauge 3 can be moved in. a 
horizontal plane in two directions, one parallel 
to its axis and the other at right angles. These 
motions, which are controlled by micrometer 
screws, allow measurements to be made on 
i the pitch and the diameter. 
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The motions are derived from a carriage 11, 
which can move along the bed plate 10, and a 
second carriage 12, which supports the gauge 
and which can move on the top o£ the other 
carriage in a direction parallel to the pair of 
centres holding the gauge. The motions of 
the two carriages are guided by means of 
vee grooves and halls. 

The arrangement of the micrometer screws 
which control the motions of the gauge is 
shown in Fig . 118. The lower carriage 11 
is operated by a pair of micrometer screws 
13 and 14, the corresponding nuts of which 
are fixed to the carriage and the bed plate 
respectively. The corresponding stops 15 and 


pair is for gauges up to 2 in. diameter, and the 
rear pair will accommodate gauges up to 6 in. 
diameter for examination of thread form only. 

The front and back motion of the carriage 
11 is operated by the cc throw-over ” gear 
placed at the right of the bed. This consists 
of a rocker arm 20, Fig . 117, a connecting link 
21, and a weight 19, which can be made to rest 
on one end or the other of the rocker arm 
according to which direction the carriage is 
required to move. The motion is steadied by 
the dashpot 22. 

The projection lens is screwed into an 
adapter 24, in the bracket 25, which is clamped 
to the sleeve 26. The latter can turn on the 



16 are attached to the bed plate and to the 
carriage respectively. By this arrangement 
the carriage can move across freely from one 
side to the other, the motion being controlled 
at each end by one or other of the micrometers. 
This is an advantage over a single micrometer 
when the traversing motion has to be made 
frequently. 

A third micrometer 17 is carried by the 
upper carriage 12, and controls its motions 
in the pitch-wise direction, the abutment 18 
being fixed to the intermediate carriage. A 
weight 23 (Fig. 117) keeps the point of the 
micrometer in contact with the abutment. The 
micrometer screws have a pitch of 20 threads 
per inch and are fitted with dials and verniers 
graduated to read to 0*0001 in. 

The upper carriage has two sets of vee 
grooves for holding the centres. The front 


post 27, and by this means the lens bracket 
can be swung aside when inserting gauges in 
the machine ; the pin and vee 28 ensure 
definite location when the lens is brought 
back to its working position. 

The vertical rod 29, which carries the mirror 
bracket, is screwed into the post 27, and is 
steadied at its upper end by a wall bracket. 

(iii.) Setting up the Apparatus . — This is a 
simple matter, but requires care in order to 
obtain correct results from the machine. 
The body of the machine should he carefully 
levelled and the post set plumb. The mirror 
should also be levelled after fixing the mirror 
bracket at about the right height. The 
magnification is set by inserting between 
centres a small plug about 0*08 in. diameter 
whose actual diameter is accurately known, 
and focussing its image on the desk. The 
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height of the mirror should then he adjusted 
until the width of the image is exactly fifty 
times the size of the plug. 

(iv.) Setting the Rake of the Light. — The 
machine is provided with a set of three 
auxiliary lenses, j, and \ diopters. These 
are fixed in a mount 31, Fig. 117, and can he 
swung singly into position above the projection 
lens. If the image of a screw is formed with 
one of these lenses in position the “ out of 
focus ” effect will be clearly indicated by the 
presence of a dark fringe round the contour 
of the thread. By moving the rake lever 5, 
Fig. 116, the width of the fringe on the flanks 
of the image will be found to vary. The 
light is in the best direction when an equal 
width of fringe is visible on each flank and the 
rake lever should be set accordingly. 

It is necessary to provide the three ** out of 
focus” lenses, as screws of different diameter 
or pitches require to be put out of focus by 
appropriate amounts in order to obtain a 
suitable fringe pattern in each case. 

(v.) Thread Form Diagrams. — For the pur- 
pose of measuring and inspecting screw threads 
it is necessary to have diagrams of the standard 
threads drawn to the appropriate magnifica- 
tion. The first pattern consisted of the outline 
of the standard thread drawn in thin line on 
Bristol-board. It was then found to be an 
improvement to tint the outline on one side 
of the line a fairly deep grey, a colour which 
matches that of the actual projected image 
when seen in a semi-dark room. Using this 
form of diagram, which was first introduced 
by the Bentley Engineering Company, the 
image is fitted into the outline as closely as 
possible. The presence of excess metal at 
any point of the thread produces an over- 
lapping of the grey image and grey back- 
ground of the diagram and is indicated by a 
black streak or mark at the point concerned. 
Where metal is missing the two outlines are 
separated and a white streak is seen. This 
effect is illustrated in Fig. 119, where the 



Fig. 119. 


image B of a screw having an unsymmetrical 
thread angle is compared with the standard 
outline A. Extra metal is indicated over one- 
half of each flank at the dark places a , and 
metal is missing at the localities marked b, b. 


For the purpose of taking measurements 
of the diameters of screw gauges where the 
image of each side of the screw is viewed in 
turn, it becomes necessary to modify this 
simple form of diagram without losing the 
advantage derived from the grey background. 
The standard type of diagram adopted for 
use is shown in Fig. 117 in position on the desk 
of the machine. It consists of two standard 
outlines a, a, and b, b, separated diametrieally 
by a half -inch space which is tinted a dark grey. 

The parallel bands cd, ef, and gh are also 
drawn half an inch wide. The function of the 
double outline wdll be explained later. The dia- 
gram is printed accurately on zinc or aluminium 
plate which is stiffened by a steel backing 
plate. The printing is done from a master 
plate which has to be drawn out by hand. 

(vi.) Measurements of Plug Screws. — The 
form of the thread of plug screws or of casts 
from ring gauges are examined with reference 
to standard diagrams as explained above. 

(vii.) Measurement of Thread Angle : Shadow 
Protractor. — Errors in the thread angle can 
be detected against the standard diagram, 
but, in addition, actual measurements of the 
angles of the flanks with reference to the axis 
of the gauge can be made by the use of the 
“ Shadow Protractor ’ ’ shown in Fig. 117. This 
instrument consists of a semicircular sheet of 
white celluloid 34 screwed to a metal base, 
to which is also fixed a straight edge 32 and a 
movable radial arm of parallel width 33. The 
outer end of the arm has a line which reads 
against a half-degree scale engraved round the 
circumference of the base. When the arm 
is set square to the straight edge the reading 
on the scale is zero. 

In use, the protractor is placed on the desk 
of the projector with its straight side in contaot 
with the adjustable straight edge 29, and the 
image allowed to fall on the celluloid base. 
The tilt of the adjustable straight edge is 
then set by means of the eccentric pin 30, 
so as to bring the straight edge 32 of the 
protractor parallel to the crests of the image. 
The radial arm is then rotated and the pro- 
tractor moved sideways until the shadow ef 
one of the raised edges of the arm becomes 
parallel to one of the flanks of the image. The 
angle of that flank is then read on the scale. 
A similar measurement is made on the opposite 
flank using the other edge of the radial arm. 
The pair of measurements is repeated a,t 
different positions along the screw. 

(viii.) Measurement of Pitch. — The screw is 
arranged between the centres so that when 
the pitch micrometer screw is towards its 
zero position the image of the end thread is 
at about the centre of the desk. The corre- 
sponding standard diagram is then placed 
on the desk and the image of the thread fitted 
symmetrically into one of the spaces, leaving 
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a thia strip of light showing along each flank. 
The reading of the pitch micrometer is then 
taken. The screw is now translated so as to 
bring the next thread into the space and a 
further reading is made, the operation being 
repeated for every thread in succession along 
the screw. Finally, a check reading should 
he made on the initial thread. The method 
of ■working up the results is similar to that 
explained in § (24) (v.). Errors in the pitch of 
the micrometer screw itself must be allowed 
for in the results. 

(ix.) Measurements of Full and Core Dia- 
meters . — A plain plug of known size P, and 
of approximately the same diameter as the 
screw to he measured, is required for setting 
up the machine. This plug is placed between 
the centres, and the left diameter micrometer 
screw is used to bring one edge of its image in 
coincidence with the edge dd of the half-inch 
band on the diagram. Fig . 117. The rock-over 
gear is now changed over so as to bring the 
other edge into view, and this is set to the edge 
co of the band by means of the right diameter 
screw. The readings of the two micrometers 
are noted and their sum S obtained. 

The screw gauge is no w substituted for the 
plug and similar settings are made on the 
crests and roots of the thread in turn, thus 
obtaining two further additions of readings F 
and C, which correspond to the full and core 
diameters. The actual diameters can then 
be calculated on the principle of comparisons 
from the formulae : 

Full Diameter =P + (F-S), 

Core Diameter =P + (C - S). 

The concentricity of the diameters can be 
checked by measuring the thread depth on 
opposite sides and at three positions round the 
screw. 

(x.) Measurement of Effective Diameter . — A 
preliminary reading is made on the standard 
plug as before. Readings are then taken on 
each side of the screw by setting the image with 
the outline of the thread on the diagram, using 
the two micrometers in turn. If it is desired 
to measure the virtual effective diameter, 
taking account of errors in angle and mal- 
formations of the crests and roots, the image 
should be adjusted diametrically until it first 
comes into contact with the outline at one 
point on each flank ; a similar setting should 
also be made on the other side of the thread. 
If, on the other hand, the net effective dia- 
meter is required, Le. the diameter which would 
be obtained from measurements with best size 
wires, then the image should he adjusted so 
that the middle points of the flanks come in 
contact with the outline on the diagram. 

The calculation of the effective diameter is 
made in a similar manner as for the full and 
core diameters. 


This machine is being manufactured to the 
National Physical Laboratory design by Messrs. 
Cussons of Manchester. 

§ (70) The Wilson Projection Compara- 
tor. — This apparatus, which was designed 
and patented by Mr. R. P. Wilson, utilises 
the general principles of optical projection 
described previously, and applies them to a 
scheme for rapidly testing screws up to about 
2 in. diameter. In the projection machines 
described above, the object has been to pro- 
duce an enlarged image of the profile of the 
screw on one side only. When it was 
desired to measure the diameters, the screw 
was traversed past the projection lens by 
means of micrometer screws in. order to bring 
the image of each side of the screw on to the 
screen in turn. When testing screwed work, 
however, where the accuracy of test is usually 
not finer than 0*0005 in., it is an advantage 
to project both sides of the screw simultane- 
ously. This allows the form of the thread to 
be examined as before and, in addition, it 
becomes possible by suitable arrangements to 
obtain a ready check on the diameters of the 
screw. The essential part of the apparatus 
consists of two lenses placed side by side, each 
of which forms an image of one side of the 
screw. Assuming a standard screw of the 
maximum allowable size is being projected, 
the two images can be made to mesh by 
varying the distance between the lenses. 
Having adjusted the lenses on the standard, 
if a screw of larger diameter is now substituted 
the two images will overlap and the effect 
will be to produce a black wavy band along 
the centre of the screen. On the other hand, 
if the screw' is small on diameters the images 
wall become separated and instead of the 
black band a white space will be seen. The 
thickness of the band in either case is a 
measure of the error of the screw. 

The optical scheme of the apparatus is 
shown in plan view in Fig. 120. A parallel 



beam, of light from a source A and a con- 
denser B illuminates both sides of the screw 0. 
The optical system consists of two corrected 
compound lenses D, each of which has a 
considerable segment removed to allow the 
centres of the lenses to be brought quite close 
together if desired. The centres are separated 
in every case by a distance equal to the effective 
diameter of the screw being tested. Under 
these conditions an image of each side of the 
thread will be produced on the screen F, 
and their mean distance apart would be equal 
to the separation of the lenses. Each image, 
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however, is brought on to the centre line of 
the apparatus by means of a small adjustable 
prism E, one of which is placed just in front 
of each lens. If the light from one of the 
lenses is screened off the image produced by 
the other will, in a dark room, appear black 
against a white background, as, shown at A 
in Fig. 121 , which shows the image of a cylinder 
for simplicity. The effect of allowing both 
images to be formed simultaneously is to 
diminish their intensities to a light grey, as 
shown at B, since each image is illuminated 
by the free light from the opposite lens. 
Overlapping of the images immediately 



Fig. 121. 


produces a black band, as shown at C. It is 
to be noted that each image is produced by 
exactly similar parts of the respective lenses, 
consequently, even though the images may 
be somewhat distorted, the intermeshing effect 
in the case of screws will always take place. 

A general view of the apparatus is shown in 
Fig. 122. It consists of two stout rods form- 
ing a base on which are fixed four brackets. 
The first of these. A, holds a 500-c.p. 
“ Pointolite ” lamp which is placed at the 
focus of a condenser held in the second 
bracket B. The screw, or other work to be 
tested, is held with its axis vertical on a 
sliding table on the bracket C, which is placed 


'in front of the lens-holder D. A more detailed 
view of the lens arrangement is shown in Fig. 



FIG. 122. 


123. Each lens is on a slide, the position of 
which can be varied sideways by means of 
one of the micrometer screws 1 and V shown. 
The micrometers are arranged so that their 
readings represent the distance between the 



Fig. 123. 


centres of the lenses. Suitable hoods are 
provided round the lenses for screening off 
stray light. 

The mounting of the reflecting prisms Y is 
shown in Fig. 124. They are attached to 



Fig. 124. 


special fittings 1 provided with adjusting 
screws for tilting each, prism about a vertical 
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and a horizontal axis, and in addition* the 
fittings can be swung aside from the lenses for 
purposes of focussing the images. 

With regard to the illumination, the beam 
is parallel, but no adjustments are provided 
for tilting it in. the direction of the rake of the 
screw which, it should be noted, is in a different 
direction on the two sides. The resulting 
images are consequently not equally well 
defined on the opposite flanks, but provided 



FIG. 125, 


the rake of the screw is not abnormal and the 
magnification used is not greater than about 
20, the defect in definition is hardly noticeable 
on the screen. Apart from definition, the 
threads will appear very slightly too thick, 
due to this cause. 1 

It is to he noted that when projecting a 
screw having any symmetrical form of thread 
the two images can be made to mesh ; conse- 
quently, no apparent defect would be noticed 
with regard to the meshing when projecting 
a screw whose effective diameter was equal 
to that of the standard screw, but whose 
angle happened to be seriously in error by 
the same amounts on each flank. Uniform 
errors in pitch, whatever their magnitude, 

% Since this was written the makers have added an 
attachment for “raking” the light correctly for each 
side of the thread. See Patent No. 171761. 


would also remain undetected, since each 
image would be lengthened or shortened to 
the same extent. To get over this difficulty, 
it becomes necessary, in addition to the 
criterion given by the meshing of the images, 
to refer them by some means to a standard 
form. This can be done by having a standard 
outline drawn on the screen to the appropriate 
magnification or by arranging to project a 
correct templet of the thread simultaneously 
with one side of the screw. 

Six examples of the images of screw threads 
having characteristic errors are shown in 
Fig . 125. The errors are readily interpreted 
from the diagrams. 

(A) Effective diameter correct but full and 

core diameters small. 

(B) Pull and core diameters correct but 

effective diameter large. 

(C) Small on all diameters. 

(D) Tapered thread. 

(E) Earge on all diameters. 

(P) Tapered thread, diameters too large at 
one end and small at the other. 

This apparatus is being made under licence 
by Messrs. Adam PTilger. 

V. Measuring Machines 

The machines described in this section are 
of the type used for the comparison and 
standardisation of standard gauges referred 
to in § (5). 

There are four well-known forms of measur- 
ing machines used in this country, made by 
Messrs. Armstrong Whitworth, Manchester ; 
The If e wall Engineering Company, London ; 
The Pratt and Whitney Company, Plartford, 
U.S.A. ; and La Society Genevoise, Geneva, 
Switzerland, respectively. Another type of 
machine has been designed by Dr. P. E. Shaw 
of Nottingham, but has not been manufac- 
tured commercially. Several smaller forms 
of machines are in existence, and these will 
be referred to later. 

§(71) The “ Armstrong Whitworth m 
Measuring Machine, (i.) General Arrange - 


15-in. machine will be seen in Fig . 127, the 
only important difference being in the length 
of the bed. 


menu — A general view ot this type 
of machine having a capacity of 
12 in. is given in Fig . 126, whilst 
the general arrangement of a 



Divisions 


GAUGES 


363 



Fig. 127. 
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The machine consists essentially of a bed 
1 which carries a micrometer headstock 2 
at the right-hand end, and a tailstock 3 at 
the opposite end. The bed is supported at 
the ends, is of hollow section, and has its 
upper finished surface slotted. The sides 
are also finished and form a dovetail guide 
for the tailstock. The micrometer or fast 
headstock is permanently screwed down to 
one end of the bed. The tailstock can be 
moved along the bed to suit the length of 
gauge to be dealt with, by means of a quick- 
motion traversing screw 4 held in bearings 
at each end of the bed and engaging with a 
nut, fixed to the base of the tailstock. The 
screw is operated by a handwheel 5 and when 
in the approximate position the tailstock can 
be clamped to the bed. 

(ii.) Headstock and Tailstock. — The head- 
stock and tailstock have practically the same 
construction. They are bored and fitted 
with hollow steel plungers 6, in. diameter. 
Hardened steel plugs 7 are screwed into the 
outer ends of these plungers, and the faces 
of these plugs, which are lapped flat and 
parallel, form the measuring faces of the 
machine. They have a diameter of §■ in. 
The longitudinal positions of the plungers 
are controlled by steel micrometer screws 8, 
having square threads, 20 per in., which en- 
gage with brass nuts 9 fixed in the rear ends 
of the plungers. The plungers are prevented 
from rotating by keys working in slots in the 
under sides. The thrust is taken between a 
collar on each screw and the inner surface 
of two brass bushes 10 let into the end of the 
|~in. bored holes. 

The micrometer screw of the headstock is 
provided with a 12-in. diameter handwheel 11, 
which is graduated into 500 divisions, each 
representing 0-0001 in. As each division 
actually measures approximately 0-075 in. on 
the periphery of the wheel, the magnification 
of the machine is 750. A vernier scale 12 is 
supported by a suitable bracket and enables 
readings to be taken to 0-00001 in. The screw 
of the tailstock, which is intended only for 
purposes of zero adjustment, is provided with 
a 3-in. handwheel 13, divided into 250 parts. 
Each micrometer screw has a range of one inch. 

(iii.) Gravity JPiece Feeler. — The machine 
has no indicator, all measurements being 
made by the method of “touch” or “feel.” 
When comparing small gauges under about 
one inch in size, they are passed in turn be- 
tween the contact faces, the distance between 
which is gradually diminished by means of the 
right-hand micrometer screw until the gauge 
will just not drop through the gap by its own 
weight. The method of taking readings on 
larger gauges is illustrated in both Figs. 126 
and 127. The gauge, or a number of gauges 
14, butting end to end, are placed on suitable 


supports 15, so that their axes are parallel to 
that of the machine, and with the left-hand 
measuring* face touching the contact face of 
the tailstock. The plunger of the headstock 
is then adjusted by the micrometer screw until 
a “ gravity piece ” 16, which consists of a 
short, accurately finished plug in. diameter, 
just refuses to pass by its own weight through 
the gap between the right-hand face of the 
gauge and the contact face of the headstock. 
With parallel faces this method of taking a 
setting is sensitive to within 0-00001 in., as a 
diminution of this order in the size of the gap 
is quite sufficient to prevent the gravity piece 
dropping through, where previously it passed 
quite freely. It will b© readily appreciated, 
however, that the method is rather slow, as 
the final adjustment of the handwheel must 
be by hundred-thousandths. It is difficult 
to judge with any certainty how much reduc- 
tion in the size of the gap is required to 
obtain a satisfactory setting, so that it is 
necessary to proceed very cautiously over the 
last 0-0001 in. or so. 

The thrust collars are held in contact with 
the abutment faces by suitable lock nuts in 
the case of the headstock and by the small 
handwheel in the case of the tailstock. Back- 
lash in the screw is taken up as far as possible 
by adjusting the brass nuts 9 ; nevertheless, it 
is always necessary to turn the handwheel in 
one direction when making a setting so as to 
avoid backlash. 

The importance of accuracy in the thrust 
surfaces on the collars and abutments is dealt 
with in § (79) (iii.), where their effect on 
periodic error is explained. 

These machines are made to suit any 
reasonable capacity by simply lengthening 
the bed. 

§ (72) The “ Newau ” Measttbing- 
TYIaohihe. (i.) General Arrangement. — An ex- 
ample of this design of machine having a 
capacity of 24 in. is shown in Fig. 128, from 
which it will he seen that the machine consists 
of a hollow boat -shaped bed, carrying on its 
upper surface a micrometer headstock at the 
right- and a tailstock at the left-hand end. 
Neither of these parts is permanently fixed to 
the bed, but each is provided with a clamp 
for fixing temporarily at any required position. 
The machine is also provided with a pair of 
vee supports for carrying end gauges during 
measurement. The bed is carried on a pair 
of feet, the left-hand one of which is attached 
to the bed by a pivot parallel to the axis. 
This virtually provides a three-point support, 
and ensures that the bed is free from any 
strains due to unevenness of the supporting 
surface. 

(ii.) Headstock. — Details of the micrometer 
headstock are shown in the sectional draw- 
ing, Fig. 129. The micrometer spindle 1 runs 
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in a thread tapped in steel bush 2, and is sup- 
ported at each end on its plain portions in 
hardened steel bushes. The left-hand end of 


wheel 3, 6J in. diameter, which is divided 
into 500 parts each representing 0-0001 in. 
A vernier 4 enables readings to be- taken to 



Fia. 128 . 


the spindle is hardened and tapered down to 
a diameter of T r ’,y in. to form the measuring 
face, which is lapped flat and square to the 
axis of the spindle. The centre portion is 


0-00001 in. Complete revolutions of the wheel 
are noted on the scale 5, on which the vernier 
slides. 

In order to keep the rear vertical flanks of 



screwed for a length of about 3 in. with a 
right-hand buttress thread, cut specially deep, 
the pitch of which is 20 threads per inch. 
The right-hand end is fitted with a graduated 


the buttress thread in contact with the corre- 
sponding flanks of the nut, the screw passes 
through a short floating nut 6 which is pre- 
vented from rotating, and which is pushed to 
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the right by the spring 7. Fine adjustment 
of the handwheel is made by means of the 
tangent screw 8 at the end of a radial arm 
which can be clamped to the spindle at 
will. 

The readings are automatically corrected 
for progressive errors in the pitch of the 
micrometer screw by means of a special device 
which controls the angular position of the 
arm 9, carrying the vernier. This mechanism 
comprises a rocker arm 10, pivoted at its lower 
end and carrying at the other extremity a 
small roller which hears on an enlarged plain 
part of the spindle, the diameter of which is 
varied along its length in accordance with the 
magnitude of the progressive error in the pitch 
along the screw. Oscillations of the arm due 
to the action of the cam are transmitted 
through a pin joint to the double sleeve 11, 
which carries the vernier arm. Contact is 
maintained between the roller and the spindle 
by means of a spring on the arm 10. It is 
possible to adjust the position of the vernier 
for initial settings by unclamping the outer 
of the two sleeves 11, and rotating the arm 9 
about the inner sleeve. 

The 0*0001 in. divisions on the handwheel 
are spaced approximately 0-04 in. apart, so 
that the magnification of the micrometer is 
400. The headstock is also made for metric 
measurements, in which case the screw has a 
pitch of 1 mm., and the handwheel has 1000 
divisions, each of which consequently repre- 
sents 0*003 mm. The ranges of the English 
and metric headstocks are 1 in. and 20 mm. 
respectively. 

(iii.) Tailstock . — A sectional drawing of the 
tailstock is shown in Fig. 130. It consists of 



the main body 12 and a subsidiary block 13 
which, by means of the finely threaded screw 
14 and a nut in the tailstock, serves for 
adjusting the position of the tailstock along 
the bed. 


The plunger 15, which is hardened, is a good 
sliding fit in the hush, but is prevented from 
rotating by a pin working in a slot. Its 
right-hand end is lapped flat and square to 
the axis and forms the second contact face 
of the machine. A pressure of about 5 lbs. 
weight is exerted between the two contact 
faces by the spring 16. 

(iv.) Level Indicator . — In order to facilitate 
the measurements and to free them from all 
effects of personal tc feel ” or “touch,” this 
machine is provided with an indicator fixed 
to the tailstock. It consists of a fairly sensi- 
tive spirit-level tube 17, Fig. 130, mounted on 
a lever 18, which is pivoted at its lower end to 
a bracket 19 fixed to the rear end of the tail- 
stock. The rear end of the tailstock plunger 
presses against this lever through the medium 
of a steel ball, the point of contact being a 
short distance above the line joining the 
pivots. The lever is kept in contact with 
the hall b 3 r a small spring- controlled plunger 
held in the bracket 19. If the plunger 15 is 
pressed in against the force of the spring 16, 
it causes the lever supporting the level to 
turn about its fulcrum and so tilts the level 
tube. The magnification of the movement of 
the bubble depends upon the ratio of the arms 
of the lever and the sensitivity of the level 
itself : it is usually set to a figure of about 
4000. The level tube has a scale engraved 
on it in tenths of inches, and a movement of 
the bubble from one line to the next indicates 
a displacement of the plunger of between 
0*00002 and 0*00003 in. 

(v.) Comparison of Gauges . — When com- 
paring two gauges the headstock and tail- 
stock are clamped to the bed at a suitable 
distance apart, making use of the adjustment 
screw at the rear of the tailstock. The 
, reference gauge is then inserted between the 
contact faces and the micrometer wheel 
rotated and finally adjusted by the tangent 
screw until the bubble of the indicator arrives 
at, say, the central mark on the scale of the 
level. A reading of the micrometer is then 
taken. The unknown gauge is now sub- 
stituted for the reference gauge and another* 
setting made, bringing the bubble up to 
exactly the same division. This is followed 
by a second reading of the micrometer. 
Assuming the micrometer screw is accu- 
rate, the difference between the readings 
gives the difference in the lengths of the 
two gauges. 

Instead of using reference gauges for pur- 
poses of comparison, this type of machine is 
fitted at times with a scale and microscope. 
The scale is made of steel and has the division 
lines engraved on the polished surface of 
invar plugs let into the upper surface of the 
bar. It is rigidly fixed to the side of the bod 
of the machine at about the level of its upper 
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surface. The microscope is provided with a 
pair of fixed parallel cross- wires in the eye- 
piece and is held over the scale in a bracket 
attached to the tailstock. 

The method of taking measurements by 
the use of a scale and microscope is explained 
in § (17), and some sources of errors are 
referred to under the same heading. 

The Newall machine is made in four sizes, 
having capacities up to 12, 24, 48, and 72 in. 
Machines for metric measurements are also 
made of corresponding capacities. 


having a taper shank is fitted into the left- 
hand end of the plunger, and the outer face 
of this plug, which is lapped accurately flat 
and square to the axis, forms one of the 
contact faces of the machine. The diameter 
of the face is § in. The other end of the 
plunger, which is hollow, carries the nut of the 
micrometer screw in a conical hole. The 
brass nut, which is split, is held in position by 
a retaining ring at the neck, and its fit on the 
micrometer screw is adjusted by varying its 
position in the conical hole. The micrometer 


Fig. 131. 



§ (73) The “ Pratt and Whitney 55 Meas- 
uring Machine, (i.) General Arrangement . — 
This type of measuring machine, which is of 
American manufacture, is shown in Fig . 131, 
which is a rear view of a machine of 48 in. 
capacity. The micrometer headstock is on 
the left and carries a microscope looking 
over a scale attached to the rear of the bed. 
The tailstock is provided with an indicator 
and is clamped down to the other extremity 
of the bed. 

The bed, which is of massive design, is 
supported on three feet. Its upper bearing 
surface consists of a 90°-vee along one edge and 
a horizontal flat along the other. It has a T- 
slot along its length for purposes of locking 
the headstock. 

(ii.) Micrometer Headstock . — A more detailed 
view of the headstock is given in Fig . 132, which 
shows the addition of a reading lens over the 
vernier and a tangent screw adjustment on 
the micrometer spindle. Fig, 133 shows a part 
sectional line drawing of the headstock in which 
the internal details can he seen. 

The main easting 1 can be accurately set to 
any position along the bed by clamping the 
auxiliary block 2 and making use of the fine 
adjustment screw 3 which connects the block 
to the headstock. The latter is provided with 
a fixing bolt for clamping to the bed when the 
headstock is in the desired position. The 
headstock is bored and fitted with a hardened 
steel bush, in which the plunger 4, which is 
^ in. diameter, is a good sliding fit. A plug 


screw 5, which has a travel of 1 in., has a left- 
hand vee thread. If in. long, 25 threads per in. 
The thrust of the screw is taken between a 
collar on the spindle and the face of a bush 



Fig. 132. 


fixed in the rear end of the bore of the head- 
stock, which also forms a bearing for the 
spindle. The latter has a 4-in. graduated drum 
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divided into 400 parts, each of which represents 
0*0001 in. The actual length of each division 
on the drum is approximately 0*03 in., so that 
the magnification of the micrometer is closely 
300. The readings are made against a single 
index or vernier 7, which is carried on a sleeve 
and can be adjusted in a circumferential 
position by the screAV 8. The contact between 
the thrust collar and the abutment is main- 


also serves as an automatic device for compen- 
sating errors in the readings due to inaccuracies 
in the pitch of the micrometer screw. If the 
controlling edge of the plate is parallel to the 
axis of the plunger, the motion of the latter 
will be purely tran slat cry. Any lack of 
parallelism, however, will produce a corre- 
sponding slight rotational movement of the 
plunger as it is moved from one end of its 



tained partly by a light spring next to the 
handwheel, hut mainly hy the pressure derived 
from the tailstock and transmitted through 
the gauge being measured. 

The plunger of the headstock is prevented 
from rotating by a clip 9 which is attached to 
its outer end, and which is guided in its longi- 
tudinal motion with the plunger by contact 
with a plate 10. One edge of this plate bears 
a scale divided into twenty-fifths of inches, 
and a mark on the clip enables the position 
of the plunger to he determined so far as 
complete revolutions of the micrometer screw 
are concerned. 

(iii.) Compensating Plate . — The plate 10 


range to the other. By virtue of the screw 
and nut, this rotation will have the effect td 
slightly advancing or retarding the axial 
position of the plunger. A calibration of 
the headstock is made with the plate set 
accurately in the parallel position, and the 
errors in the travel of the plunger determined 
by the method explained in § (79) (iii.)- If the 
error is progressive and is proportional to the 
travel, it can be corrected by simply tilting 
the plate 10 about the pivot 11 by means of 
the adjusting screws 13. After setting the 
plate it is fixed in position by the screw 12 
which passes through a slotted hole in it. 
If the calibration diagram shows a curved line. 
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it will be necessary to form the edge of the 
plate to the corresponding shape. By this 
means of adjustment it is possible to obtain 
a final calibration which is correct to within 
0*00002 or 0*00003 in, throughout the 1 in. 
range, provided the micrometer screw is 
reasonably good in itself. This method 
cannot be applied to the correction of 
periodic errors in the calibration (see § (79) 
(iii.)). 

(iv.) Tailstock . — A sectional drawing is 
shown in Fig. 134. The casting 14, which can 
be fixed to the bed by a T-bolt, is bored and 
fitted with hardened steel bushes in which 
the hollow plunger 15 is a good sliding fit. 
The plunger is prevented from rotating by a 
projecting tongue fixed to the base, wduch 
runs freely in a longitudinal slot in the lower 



Fig. 134. 


part of the sleeve 17. The right-hand end of 
the plunger is fitted with a plug, the outer end 
of which forms the second contact face of the 
machine. A spiral spring 16 is placed between 
the other end of the plunger and a plug in 
the bush so as to provide a pressure between 
the measuring faces. This pressure is usually 
about 5 lbs. w r eight. 

(v.) Indicator. — The indicator, which is 
fitted to the tailstock, is of a simple nature. 
Two auxiliary contact faces 18 are provided, 
one being fixed to the sleeve 17 which is 
connected to the plunger, and the opposite 
one to the base of the tailstock. A small, 
accurately made plug 19, in. diameter, is 
clipped between these two faces by the action 
of the spring at the rear of the plunger. When 
making a setting on a gauge between the 
vol. in 


measuring faces, the micrometer hand-wheel 
is gradually rotated and the pressure on the 
face* of the tailstock plunger increases until 
it just overcomes the effect of the spring. 
When this state is reached, the plunger begins 
to be pressed back and the small plug is 
released from between the two auxiliary 
faces and drops. Instead of allowing the 
plug to actually drop, however, it is 

arranged initially with its axis horizontal, 
i and the indication is obtained when it 
swings into the vertical position without 
falling from between the faces. This criterion 
is sensitive to an order of 0*00001 in., 
but has the disadvantage that it gives 
no preliminary warning as to the nearness 
of the setting. It is necessary, therefore, 
to proceed very cautiously over the last 
few ten-thousandths in order to avoid over- 
running the setting. The usual procedure 
is to make a rapid setting so as to obtain 
an approximate reading to within 0*0001 in. 
or so, and this is of assistance when making 
the final setting. 

This type of machine can be used for com- 
paring gauges having closely the same lengths 
by making use of the micrometer headstock. 
The machines are also provided with scales 
and microscopes, as shown in Fig. 133 , for the 
measurement of gauges by comparison with 
the line standard. The microscope is mounted 
in a bracket attached to the headstock and 
is focussed on to a scale screwed down to a 
ledge at the rear of the bed. The scale is of 
steel and has a rectangular section 1 xlj in. 
The lines are engraved on the raised polished 
surfaces of plugs which are driven into holes 
in the bar. In some cases, Vwo row r s of plugs 
are fitted to the one bar, those in one row being 
spaced at intervals of I in. and the others 
at intervals of 2*5 cm. In such cases an 
additional headstock, fitted with a metric pitch 
micrometer screw, is usually provided. The 
scale is fitted with one or more hinged metal 
shields, which can be swung out of place when 
readings are to be taken on it. 1 

This make of machine has recently been 
fitted with a new type of indicator on 
the tailstock, which consists briefly of a 
slightly bowed flat spring, one end of which 
is fixed to the tailstock and the other to 
the measuring face of the plunger. As the 
latter is pressed in, the spring is bowed 
still further and eventually makes an electric 
contact for a circuit containing an incan- 
descent lamp. 

(vi.) Measurement of Screws on Pratt and 
Whitney Machine . — This machine can be used 

1 The method of taking measurements by the use 
of the scale and micrometer is described in § (17), III. 
In this design of machines, or in any other* where the 
scale is not in line with the main axis of measurement, 
the straightness of the bed is a very important 
factor with regard to the accuracy of the measure- 
ments obtained from the scale. 

2 B 
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for the measurements of the diameters and the 
pitch of plug-screw gauges. When measuring 
the diameters, the screw is supported on 


is moved along the screw hy the motion, of 
the micrometer. 

The machines shown in Figs. 135 and 13b 



Fig. 135. 


centres on a cross - slide, which is placed 
between the headstoclc and tailstoek, as shown 
in Fig. 135. Standard wires and vee pieces 
are used as usual when measuring the effective 
and core diameters. 1 When measuring the 
pitch, the screw is supported on a pair of 
centres carried on a bar which is held in 
brackets from the bed of the machine, as 
shown in Fig. 136. A lever indicator, 


are fitted with the electrical indicator on the 
tailstoek referred to on p. 369. 



Fig. 136 


which has a hardened steel stylus for 
engaging with the thread, is attached to 
the plunger of the micrometer headstock and 

1 For description of method see § (19) (iv.) 
and(vi.). 


§ (74) SocietJs Genevoise Me asti ultra 
Machine. (i.) General Arrangement. — A 
machine of more recent design than either the 
Newall or the Pratt and Whitney types is 
made by La Societe Genevoise of Switzer- 
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land. A general view of this type of machine 
of 20 in. capacity is shown in Fig. 137. The 
essential parts consist of: 

(а) The bed, at the right-hand end of which 

is fixed the micrometer headstock 
furnished with an indicator. 

(б) The sliding tailstock, which carries a 

scale in line with the axis of 
measurement. 

(c) The fixed micrometer microscope, held 
in a bracket bolted to the bed and 
focussed on the surface of the scale. 1 

The machine can be used as a comparator 
for determining the difference between gauges, 
provided the measurement does not exceed 
the 1 in. range of the micrometer screw. It 
also serves for the determination of the 
lengths of gauges by direct comparison with 
the scale ; in fact, the machine was designed 
mainly with that purpose in view. 

The construction of the bed, which is of U- 
shaped section, will be seen in Fig. 137. It 
rests on three feet. The bearing surface for 
the carriage consists of a vee and a flat. 

(ii.) Tailstock and Scale . — The tailstock 1 
rests on the bed, but the bulk of its dead 
weight is taken on four rollers 2, which are 
mounted on spring levers fastened to the 
underside of the carriage and which roll on 
auxiliary flat surfaces on the bed. This 
arrangement serves to reduce the sliding 
friction and, in addition to giving the carriage 
a freer motion, helps to preserve the accuracy 
of the bed. When setting the carriage to 
any desired point under the microscope, it 
is first brought into approximate position by 
noting the reading of an index point oh a scale 
placed along the front of the machine. The 
final adjustment is then made by closing the 
clamp 3, by the lover 4, and operating a 
hand- wheel which, by means of worm-gearing 
and the traversing screw 5, gives a slow motion 
to the carriage. 

The scale 6 is approximately of rectangular 
section §■ x in. It is graduated at every 
twentieth of 1 in. over a length of 20 in. 
along the middle portion of the upper surface, 
which is highly polished. The material of 
the scale is 58 per cent nickel steel. This 
alloy is chosen, as it has practically the same 
coefficient of expansion as that of steel and 
it remains free from oxidation when exposed 
to the atmosphere. The scale has two plates 
screwed to its underside at the “ Airy ” points. 
The one on the left is fastened down to the 
upper surface of the carriage by a screw from 
below, whilst a shank on the other rests freely 
in a hole towards the other end of the carriage 
and is located transversely by a set screw 

1 The right-hand microscope seen in Fig. 137 is for 
screw measuring purposes and will be referred to 
later. 


from each side. This arrangement ensures 
that the scale is not strained, and provides 
a means of adjusting it parallel to the axis 




and removable shutters arc provided in short 
sections, so that only the particular portion 
which is to be viewed need be uncovered. The 
graduated surface of the scale is placed 
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directly in. line with the centre line of the 
measuring face 7 of the carriage ; this con- 
stitutes one of the most important features 
of the design. The advantages of this arrange- 
ment are referred to in § (17), III. 

(iii.) Micrometer Head stock. — The micro- 
meter headstock, which is shown in section 
in Fig, 138, is screwed down to the right-hand 
end of the bed. A hollow steel plunger 8 
slides in hardened steel hushes and is fitted 
at the front end with an internal plunger 9, 
the face of which constitutes the contact 
face of the headstock. The rear end of the 
plunger 9 is fastened to a spring 10, the other 
end of which is connected to a movable bush 1 1. 
By moving this hush axially the spring can 
he put either in compression or tension, accord- 


and wheel is practically 800. The range of 
the micrometer screw is 1 in. 

To prevent rotation of the main plunger, a 
radial arm 14 is fixed to it by a sleeve. The 
end of this arm runs between two guide 
plates 35, screwed to the base of the head- 
stock. As explained in the case of the Pratt 
and Whitney machine, by suitably f ormiug the 
edges of these plates, any -slight errors in the 
run of the micrometer screw can he corrected. 

(iv.) Indicator. — The indicator forms part 
of the headstock and gives a register of the 
relative positions of the main plunger 8 and 
the internal plunger 9. The mechanism of 
the indicator consists of a pair of multiplying 
levers 16 and 17 working on hardened steel 
knife edges. The upper end of the second 



ing as to whether external or internal measure- 
ments are to be made. This movement is 
accomplished by rotating the ring 12, which 
has an internal helical groove into which a 
stud fastened to the bush fits. The force 
exerted by the spring is about 2 lbs. weight. 

The rear end of the main plunger is fitted 
with the steel micrometer nut. In order to 
take^ up backlash a short auxiliary floating 
nut is provided at the outer end of the main 
nut, the two being separated by a spring. The 
micrometer screw 13, which is also of steel, 
has a specially deep vee thread and is screwed 
50 threads per in. right hand. It obtains 
its thrust from a conical collar which bears 
against a hardened steel-plate screwed to the 
rear face of the headstock. The screw is 
provided with a 5 in. hand-wheel, graduated 
to read to 0-00005 in. direct, and, by means of 
a vernier, readings can be taken to 0-000005 in. 
The magnification of the micrometer screw 


lever registers over a graduated arc divided 
into twentieths of inches, each of \vh ieli 
represents a movement of the internal plunger 
of 0-00005 in. This magnification is tho same 
as given by the micrometer screw. Tho short 
arm of the first lever is moved by a knife edge 
IS, which is attached to the inner plunger O, 
and the magnification of the indicator can He 
set by raising or lowering this knife edge and 
so varying the short arm of the first lever. In 
order to eliminate backlash the various parts 
of the indicator are kept in contact by a 
spring. The whole indicator is totally enclosed 
in a metal case carried on the main plunger, 
and a glass top is provided for viewing the scale. 

This indicator can be used as a “ zero ” 
indicator, or it will serve for measuring differ- 
ences up to ± 0-0005 in. by means of the scale 
on the graduated arc. 

(v.) Micrometer Microscope . — The micro- 
scope 19 {Fig. 137) is used for reading tho posi- 
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tion of the scale along the bed. It gives a 
magnification of 60 and is provided with a 
pair of parallel wires in the eyepiece, whose 
position can be varied and read by a micro- 
meter screw and graduated drum. The field 
of the microscope is illuminated by a small 
glow lamp placed at the rear of the bracket. 
The range of the micrometer is ^ in., which 
is also the distance between the lines on the 
scale. When making a measurement of a 
gauge by the scheme outlined in § (17), III.> 
this machine offers two possible methods. 
The microscope can either be used as a zero 
indicator, the difference between the length 
of the gauge and the nearest corresponding 
line on the scale being measured on the 
micrometer headstock, or vice versa. It 
should be noted in either case that it is 
necessary to know the calibration of one or 
other of the micrometer screws, and, in 
addition, the length of the scale must be 
known at every division throughout its 
length. With regard to the latter, the makers 
supply a table of errors for each inch division, 
and they guarantee that the dividing is so 
uniform that the errors at any of the inter- 
mediate divisions can be determined to a 
sufficient accuracy by interpolation. The 
most satisfactory method appears to be to use 
the microscope as a zero indicator, i.e. the 
positions of its cross - wires are not varied 
throughout a set of readings, and, using only 
the known inch lines on the scale, to measure 
the difference on the micrometer headstock, 
the errors of which should be known through- 
out its 1 in. travel. The results of tests made 
by the latter method proved that absolute 
measurements can be made on this type of 
machine to an accuracy of within ±0*00005 
in. over a maximum length of 20 in. 

(vi.) Other Uses of the Machine — Internal 
Measurements . — In addition to the measure- 



ments of end gauges and plain-plug gauges, 
the machine can be fitted with special adaptors, 
as shown in Fig . 139, for making internal 
measurements of gap and ring gauges. A 
U-shaped piece is fitted over each measuring 
face and is held in position by a clip. The 
gauge to be measured is held or placed on a 


suitable support so that the hardened steel 
internal contact points on the adaptors come 
in contact with the gauging surface. Having 
set the spring of the headstock in tension, 
the plunger is gradually moved to the right 
by the micrometer screw' until the indicator 
registers at its zero position. The machine 
has to be standardised on a gap gauge of 
known size. In making such measurements, 
care has to be taken to ascertain that no 
elastic deformation of the gauge occurs owing 
to the stretching effect of the force applied. 

(vii.) Measurements of Plug-screw Gatiges . — 
Special fittings are provided for the complete 
measurements of plug-screw gauges. 




Mechanical measurements of the diameters 
of screws up to 4 in. diameter are made by 
the method shown in Fig . 140. The screw 
is mounted between centres on a floating 
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carriage, and the measurements are made 
between the usual contact faces of the machine, 
standard wires or vee pieces being inserted 
in the case of effective and core diameters. 

The angle and pitch of screws up to 4 in. 
are measured by the method indicated in 
Fig. 141. An auxiliary microscope is carried 
in a bracket bolted to the bed. This micro- 
scope has a cross-wire which can. be rotated, 
its position being read on a suitable angular 
scale. The gauge is held between centres 
with its axis parallel to that of the bed, on 
a carriage which is connected to the tailstock. 
This carriage can be moved along the bed 
with the tailstock, and it can also move 
transversely on a second slide. The micro- 
scope is focussed at the height of the centres 
and its field is illuminated from below, provi- 
sion being made for adjusting the direction 
of the parallel beam of light to suit the rake 
angle of the thread. The screw is set so that 
its profile is seen in the microscope and the 
angles of the flanks are measured with the 
goniometric eyepiece. The pitch is measured 
by setting the cross-wire parallel to one set of 
flanks and moving the screw longitudinally, 
thread by thread, under the microscope, 
readings being taken on the scale with the 
micrometer microscope when the cross-wire 
coincides with each flank in turn. The 
observations are then repeated with the cross- 
wire set parallel to the opposite set of 
flanks. 

The diameters of plug screws up to 1 in. 
can be measured optically by the scheme 
illustrated in Fig. 142. The screw is again 
mounted between centres on a carriage which 


The Seed etc Gene voise machine is made 
in three standard sizes of 20, 40, and 80 in. 



capacities. Machines for metric measurements 
are also made in corresponding sizes. 

§ (75) * 6 Shaw” Measuring- Machine. — A 
complete description of this type of measuring 
machine will be found in Proc . I. Mech . jE?., 
April 1913. The inventor. Dr. P. E. Shaw, 
first developed a method of measuring by 
using micrometer screws furnished with 
electric contact indicators in 1900. Experi- 
ence was gained from one or two preliminary 



Fia. 143. 


can be moved in the diametral direction by 
means of a micrometer screw. The crests, 
roots, or flanks of the thread are set to coincide 
with the cross-wire of the microscope accord- 
ing as to whether it is desired to measure 
the full, core, or effective diameter of the 
screw. 


designs, and, finally the machine shown in 
Fig. 143 was developed in 1912. 

( I. ) General Arrangements. — Th is machin e 
serves as a gauge comparator, as a com parator 
between end gauges and scales, and as a 
means of exploring the parallelism of the faces 
of a gauge. 
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The bed supports three carriages. A, B, and 
CJ. The central one, B, is the gauge-holder, 
and consists essentially of a vertical compound 
slide working on a face which is surfaced to a 
high degree of accuracy. For purposes of 
setting up, the gauges are supported on the 
slide in gimbals, the rotational motions of 
which are controlled by fine adjustment 
screws. The other two carriages, A and C, 
are micrometer headstocks, the former being 
provided with an extension bracket at the 
rear for supporting a standard scale in line 
with the axis of the micrometers. The scale 
is viewed by means of a micrometer microscope 
rigidly held in an independent bracket. The 
bulk of the dead-weight of the carriages is 
transmitted through adjustable spring feet to 
a pair of girders placed alongside of the bed. 

When comparing two gauges, they are 
mounted in the gauge-holder and aligned by 
means of the gimbal support. The first 
gauge is then brought between the contact 
points of the micrometers, which are clamped 
at a suitable distance apart, and a reading 
is taken on each micrometer. The slide B is 
then traversed across horizontally so as to 
bring the second gauge into position and a 
corresponding pair of readings is taken on it. 
The difference between the sum of the two 
micrometer readings on each gauge gives the 
difference between the lengths of the gauges. 

To investigate the parallelism of the faces 
of an end gauge, a series of measurements 
are made at various positions on the fac.es by 
traversing the slide holding the gauge. It 
should be noted that such a series of measure- 
ments does not give a test on the flatness of 
either face, since the measurements made on the 
individual micrometers depend upon the truth 
of the slide of the gauge-holder. If the faces 
are shown to he parallel by obtaining a constant 
sum for the micrometer readings in different 
parts of the faces, it is quite probable that 
they are both flat. As a final check tho 
flatness of the individual faces can be readily 
tested by the application of optical interference 
methods. 

When measuring end gauges with reference 
to a standard scale, the method adopted is 
similar to that described in § (17), III. 

(ii.) Micrometer Headstocks. — These are 
exactly similar in construction so far as the 
micrometer screw and contact points are 
concerned. A sectional diagram is shown in 
Fig. 144. The micrometer screw 1, and the 
nut 2, are of steel and have a pitch of 
| millimetre. The graduated wheel 3, which 
is attached to the nut, is 150 mm. diameter, 
and is engraved with 500 divisions. A vernier 
enables readings to be taken to 0-0001 mm. 
The magnification of the micrometer and wheel 
is approximately 940. The nut rotates in a 
bearing 4, and the thrust is taken by the 


contact of a conical steel point 5 against a 
rigid flat face 6, both being hardened. The 
screw is prevented from rotating by a yoke 



piece 7, which slides along a guide bar parallel 
to the screw. Backlash between the screw 
and nut is minimised by the action of a pair 
of weights 8, the cords from which pass over 
pulleys and are connected to the yoke piece 
on the screw. 

(iii.) The Measuring Ends . — Each micro- 
meter headstock has a specially designed 
electric" contact measuring end fitted to the 
micrometer spindle. A section of this fitting 
is shown in Fig. 145. A brass sleeve 9 fits 



tightly over the end of the micromotor spindle 1 
and provides a bearing for tho plunger 10, 
which can slide in and out of the insulated 
bush shown. Tho spring 11 normally keeps 
the plunger away from tho point of the micro- 
meter screw. Tho outer end of this plunger 
carries an adjustable head 12, which has a 
flat measuring face at the end. The squareness 
of tho face to the axis of the plunger can he 
adjusted to a nicety by means of three small 
set screws, of which only two are shown. For 
making local measurements a cap 13, which 
has a small rounded contact point, can be 
fitted over the flat measuring face. 

When making a measurement, the micro- 
meter spindle 1 is slowly advanced until 
the measuring point, or face, makes contact 
with the adjacent end of the gauge. A 
further motion causes the plunger 10 to 
slide back in its bearing, and eventually its 
rear end comes in contact with the tip of tho 
micrometer spindle 1. The two terminals of 
an electric circuit containing a cell and either 
a high - resistance telephone receivin' or a 
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galvanometer are connected to the micro- 
meter spindle and the plunger respectively. 
When contact is made between these two parts, 
an indication is immediately given by the 
telephone, or galvanometer. The contact is 
made between a bead on the end of the 
spindle and a plate at the end of the plunger, 
both being of iridio -platinum. With reason- 
able care the contacts can be kept free from 
dust, and it has been found that repeat 
readings can be made to 0-000002 in. It may 
be mentioned that this type of indicator gives 
no warning of the proximity of the setting, 
and this is a disadvantage if rapid readings 
are required. 

§ (76) Hartmann Automatic Comparator. 
— This machine, which was designed by M. 
Hartmann of the Section Technique de 
TArtillerie of France, is intended for the 
automatic intercomparison of spherical-ended 
length gauges ; it is not adapted for use with 
a line standard of reference. The arrangement 
of the machine is such that a continuous series 
of intercomparison can be made between a pair 
of gauges, and the results are permanently 
recorded on a graduated chart. Thermal 
effects due to the observer, which present, 
one of the most serious difficulties in using 
the ordinary type of measuring machine, arc 
entirely eliminated. The apparatus is en- 
closed in a case provided with glass windows 
and is operated by a motor placed outside. 

(i.) General Arrangement . — The bed of the 
machine carries a micrometer headstock and 
a tailstock as usual. The position of the 
latter can be adjusted along the bed to suit 
any length of gauge up to about one metre. 
The two gauges to be compared are supported 
in a carriage which is capable of movement 
in a direction transverse to the bed and is 
arranged so that the gauges are deposited 
between the measuring faces in turn. The 
headstock has a micrometer acrcXv of J mm. 
pitch left-hand thread, the total run of which 
is only mm. The screw is driven by the 
action of a 40-gr. weight suspended from a 
cord which passes round a 20-cm. diameter 
pulley fastened to the spindle. This pulley 
has ten equally spaced radial arms, the ends 
of which are furnished with needle - points 
arranged parallel to the machine axis and on 
a circle of 2 metres circumference. The 
graduated chart, past which the needle-points 
move, is fastened round a drum capable of 
rotation about a vertical axis. 

The action of the machine is simple. The 
cycle of operations commences by one of the 
gauges being deposited between the measuring 
faces. The micrometer screw is then advanced 
by the action of the weight on the cord, and 
continues to do so until a definite pressure is 
set up by its contact with the gauge. The 
outer end of one or other of the radial arms 


will he opposite the chart and the needle- 
point is pressed in. The screw now recedes 
so as to release the gauge, which is picked up 
by the traversing carriage, and the second 
gauge is deposited between the contact faces 
in its stead. The micrometer then travels 
forward once more to make contact with this 
gauge and a corresponding record is made 
on the chart. Assuming that the gauges do 
not differ by more than about 0-05 mm., the 
same needle-point will make the two records, 
and the circumferential distance between the 
marks will give the difference between the 
gauges to a magnification of 2000 ; i.e. a 
difference of 0-001 mm. will be represented by 
a space of 2 mm. on the chart. 

The above cycle of operations is repeated 
automatically about once every minute so 
long as the motor is allowed to run, and, as 
the drum is subject to a small rotation after 
each record has been made, the result of a 
series of comparisons is given by two horizontal 
rows of prick marks in the chart, one corre- 
sponding to each gauge. A mean line is 
drawn through each row and the difference 
between the gauges is read off on the gradua- 
tions of the chart. The machine can also 
be used for the comparison of plug gauges or 
for investigating the parallelism and circularity 
of a plug gauge itself. 

A full description will be found in La Nature , 
January 8, 1898. 

§ (77) Measuring Machine designer at 
N.P.L.— - Several types of small special measur- 
ing machines have been designed, and are in 
use at the National Physical Laboratory, 
Teddington ; the one shown in Fig. 146 is 
an example. This machine was designed by 
Mr. E. M. Eden early in 1918 for measuring 
gauges up to a size of one inch. By a simple 
change of one of the measuring anvils the 
machine can be made to serve for sizes between 

1 and 2 in. 

There are several novel points in the 
construction of this machine, among which 
may be mentioned the optical indicator, the 
method of varying the working pressure 
between the contact faces at will, the method 
of adjusting the parallelism of the contact 
faces, and the arrangement of the dials of the 
micrometer to facilitate reading. The general 
arrangement of the machine is shown in Fig. 
146. The two hardened steel plungers 1 and 

2 are good sliding fits in bushes fitted to the 
body. The position of the right-hand one is 
controlled by the micrometer screw 3, and the 
other is connected to a deflecting mirror 4, 
which forms part of the indicator gear. 

(i.) Micrometer . — The steel micrometer 
screw 3, which has 50 threads per inch, runs 
in an adjustable brass nut fitted in the sleeve 
5, which is screwed to the body. The point 
of the screw has a hardened steel plug let in. 



378 


GAUGES 












GAUGES 


379 


and this comes in. contact with the rear end 
of the plunger 1, a light pressure being main- 
tained by the spring shown. The plunger 
is prevented from rotating by a collar which 
slides along a steel wire. The outer end of the 
screw spindle carries a thimble 6, which has 
a 4-in. dial 7, divided into 200 parts, each of 
which represents 0-0001 in. : the magnification 
of the reading is roughly 030. Two other 
dials, 8 and 9, are fitted on the outside of 
the thimble so as to be free turning fits 
on it. The central one 7 has a single line 
engraved across it, and is prevented from 
rotating by a screw on its periphery, the point 
of which rests on an adjustable corrector 
bar 10. Each of the dials, 8 and 9, has an 
annular toothed disc screwed to the inner face 
of its boss, the number of teeth on the former 
being 49 and on the latter 50. A ring 11 is 
clamped to the thimble between the two 
bosses, and carries a small pinion wheel 12, 
which meshes with both the toothed discs. 
As the micrometer thimble is rotated it 


carries the ring 11 round with it, and the 
effect of the toothed discs and pinion is to 
cause the dial 9 to rotate in the same direction 
as the thimble, but at one-fiftieth of its speed. 
Now the fully divided disc 7 is marked with 
two zero lines diametrically opposite, and the 
nine intermediate main divisions of each half 
are numbered 1 to 9 consecutively. If the 
micrometer screw is at the one-inch end of 
its run, the dials will read as shown in the 
lo wer view of Fig. 146. On rotating the thimble 
in a clockwise direction through, half a involu- 
tion, the plunger 1 will be made to advance 
by half the pitch of the screw, i.e. 0-01 in., 
and the opposite zero mark on the disc 7 
will be brought to coincide with the single 
line. The dial 9 will, at the same time, 
have been driven through [ j y7l th of a revolu- 
tion, and consequently its 99 division will 
coincide with the single line. The dials now 
indicate the reading 0-9900. 
If the thimble is rotated a 
little further so that it now 
reads 84-4 small divisions 
against the line, the latter 
will be between the 98 and 
99 divisions on the dial 9, 
and the whole reading is seen 
at a glance to be 0-9S844 in. 
This setting is shown in 
Fig. 147. The gearing of 
the two dials 7 and 9 at 
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the 50 to 1 ratio thus provides a very con- 
venient means of indicating the complete 
reading. 

(ii.) Adjustment for Working Pressure . — The 
left-hand measuring plunger 2 is supported 
at each end in the hardened steel bushes 13 
and 14. A sleeve 15 is fixed to it by means of 
two set screws, and the motion of this sleeve 


is controlled by the vertical lever 16, which 
rocks about a spherical-shaped boss formed 
on the rod at about a quarter of its length 
from the upper end. At about half-way 
down, the lever is tapped for the tension 
rod 17, the left-hand end of which is fixed 
to the cap 18, which fits over a barrel attached 
to the main casting. This barrel contains a 
compressed spring, the length, and consequently 
the strength, of which can be varied at will by 
screwing the tension rod into or out of the 
lever. If the measuring plunger 2 is pressed 
in by the action of the micrometer plunger, 
the motion is resisted by the spring operating 
through the tension rod 17 and the lever 16. 
The pressure can be varied from about 
1 lb. to 10 lbs. by altering the strength of 
the spring, and the amount of pressure is 
indicated by a scale engraved on the outside 
of the barrel. 

This adjustment for working pressure is 
useful when dealing with different types of 
gauges. Small, light, or hollow pieces or halls 
can be measured under a light pressure of one 
or two pounds only, whilst for heavier gauges 
the pressure can be increased to 5 lbs. or more 
at will. 

(iii.) Adjustment for Parallelism of Measur- 
ing Faces . — The two measuring plungers are 
ground to the same diameter to within 
0-0001 in., and their faces are lapped in the 
same jig so as to be truly square to theiv 
axis. Unless the end bushes for the plungers 
are all exactly in line, however, the faces 
will not come parallel when the plungers are 
assembled. This difficulty could be over- 
come by lapping the four bushes simultane- 
ously with a long plug lap extending right 
through the machine, hut the adjustment 
can be made more readily hy the following 
device. The rear bush 14 of the left-hand 
plunger is a snug 
lit in a shallow cUDmm 
recess bored in 
the main cast- 
ing. The actual 
shape of the bush 
is shown in Fig. 

148. It is held 
in the recess by Fig. 148. 

four cheese-head 

screws, and in addition, has four conical holes 
into which fit corresponding taper plugs, the 
ends of the plugs being screwed into the casting. 
The flange of the bush is split through the coni- 
cal holes as shown. If the cheese-head screws 
are slightly slackened, it is possible by screwing 
the conical plugs in or out to spring the flange 
of the hush, and so vary within a certain range 
the lateral position of the inner diameter of the 
bush with respect to the recess in the casting. 
The actual length of the bearing of the bushes 
and the plunger is quite short., so that the 
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direction of the latter answers readily to this 
fine adjustment without producing a bind- 
ing fit in the bushes. On completion of 
the adjustment the cheese -head screws are 
tightened. 

(iv.) Optical Indicator . — The relative position 
of the left measuring plunger and the casting 
is indicated by a deflecting mirror 4, Fig . 146. 
This mirror is mounted, as shown in Fig . 149, 



Fig. 149. 


on a backing plate 0*02 in. thick, which is 
turned over at the edges to form a clip. A 
strip of steel foil, 0*002 in. thick, is soldered 
down the middle of the plate at the back, 
and two similar strips are soldered down the 
two sides on the other face of the plate as 
shown in the figure. The end of the central 
strip is fastened to the plunger which is cut 
away for the purpose, and the outer strips 
are both clamped to the bush 14. It is 
clear from Fig. 150 that if the plunger is 



pressed back from its position of rest the strips 
will be bent, and, assuming that they become 
arcs of circles, the angular deflection 0 of the 
mirror is equal to the ratio of the movement of 
the plunger d to the distance between the 
strips, i.e. to the thickness t of the plate on 
which the mirror is mounted. Tlius the 
magnification can bo varied at will by altering 
the thickness of the plate to which the strips 
are fastened. To prevent the plunger being 
pushed back too far and overstraining the 
strips, an adjustable stop 19 (Fig. 146) is 
screwed into the cap opposite the rear end of 
the plunger. 

The deflection of the mirror is observed 
by the movement of a spot of light reflected 
from it by the arrangement shown in plan in 
Fig . 151. The light from a small straight - 
filament glow lamp A is directed on to the 
deflecting mirror by a lens B, and the filament 
is brought to a focus as a bright line on a 


translucent screen I) after reflection from a 
fixed mirror C. In a particular machine, 
where the distances from the machine to the 
fixed mirror C and 
to the screen D 
were 27 and 13 
in. respectively, a 
movement of the 
plunger of 0*0001 
in. gave a deflec- 
tion on the screen 
of 0*45 in. 

The machine 
will serve as a 
comparator, using 
the indicator as a 
zero -setting device 
only, the differ- 
ences being meas- 
ured on the divided 
drum of the micro- 
meter. In cases where the difference to he 
measured does not exceed about 0*0005 in. it 
can be measured on the scale of the indicator, 
using a mechanical stop on the micrometer 
screw. This stop is arranged by clamping 
together the revolving disc 7 and the central 
disc 8 which carries the screw stop resting on 
the corrector bar. 

The travel of the micrometer is 1 in. The 
machine can be arranged to measure sizes up 
to 1 in., or by substituting a shorter plunger 1, 
the capacity can be changed to suit sizes from 

1 to 2 in, 

§ (78) The “ Reid ” Measuring Machine. 
— The object of the inventors and makers 
of this machine was to produce a measuring 
instrument for use in the workshop, which 
would bo free, as far as possible, from the 
effects of vibrations and rough handling, 
and yet capable of giving measu foments 
accurate to within half a. ten-thousandth part 
of an inch. 

A general view of the machine is shown in 
Fig. 152. The stiff horizontal arm 1 is bolted 
down to the base plate 2 and carries at its 
extremity the vertical measuring head 3 of 
1 in. range. The latter is provided with an 
optical indicator of t he deflecting mirror type 
which gives motion, on a screen 5, to a spot 
of light produced by the lamp and arrangement 
of lenses 4. 

The capacity of the machine can bo readily 
adjusted to any desired length writ bin reason 
by inserting distance pieces 6, of suitable size, 
between the arm and the base. 

The measuring head is arranged in such a 
manner that the spindle does not rotate but 
is capable of being moved vertically by rota- 
tion of the body 3, which carries the nut at 
its upper end. Referring to Fig . 153, the body 
has an extension at the lower end which forms a 
guide for the spindle, and which is itself a good 
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running fit in a hardened steel bush fitted to 
the projecting arm of the machine. The whole 
micrometer can thus be lifted out of the arm if 
necessary. When making a setting on a gauge 
placed on the anvil, the end of the micrometer 
spindle is allowed to rest on it by the action 


originally due to Mr. E. 1ST. Eden of the 
National Physical Eaboratory). The result 
of such, double reflection is that the rays 
which eventually leave the mirror are deflected 
through an angle which is four times as great 
as the angle through which the mirror itself 



Tig. 152. 


of the weight of the whole micrometer, and 
then, by rotation of the micrometer body, 
the latter can he lowered, with respect to the 
spindle, until the rim on its under side comes 
in contact with the steel strip 9 supporting 
the deflecting mirror. This stiip has at the 
inner end a small hall, which rests in a hollow, 
being held in place by a light finger spring as 
shoAvn. This hall forms a 
pivot about which the 
mirror can turn. The outer 
end of the strip is pressed 
gently upwards by a second 
finger spring. The strip 
has two other small balls 
pressed into holes in it, 
which come opposite the 
rim of the micrometer body 
as shown in the plan view. 

As soon as the rim makes 
contact with these two 
balls, further lowering of 
the micrometer body will 
cause the strip supporting 
the mirror to tilt about 
the fulcrum formed by the 
single ball and thus pro- 
duce a corresponding deflection of the mirror. 
This deflection is observed in the usual 
manner by the movement of a spot of light 
on the scale 5 (Fig. 152). The magnifica- 
tion is considerably increased by obtaining 
a double reflection on the deflecting mirror 
by the use of a narrow fixed mirror placed 
just in front of the first (a scheme which was 



turns. The magnification obtained on the in- 
strument is 1000 to 1, which is very suitable 
for workshop measurements. This particular 
type of indicator is free from lag or backlash, 
and sotting can be repeated to 0-00001 in. 

The machine can be used for measuring 
differences within the 1 in. range of the 
micrometer, using the indicator as a zero 
setter and bringing the spot 
of light to the same mark 
■on the scale for each setting. 
By suitably dividing the 
scale, differences up to 0-002 
in. can bo read off direct 
without making use of the 
micrometer screw, which 
would be kept at a con- 
stant reading during such 
comparisons. 

The instrument can he 
very quickly changed over 
from inch to metric meas- 
urements by removing the 
inch micrometer head and 
substituting one of metric 
piteh. 

The machine is made by 
Messrs. Reid Bros., under Patent No. 114,702. 

§ (79) Tests of Measuring Machines. — 
The main points which require attention when 
testing measuring machines are as follows : 

(i.) Accuracy of surface of bed. 

(ii.) Flatness and parallelism of measuring 
faces ; squareness of faces to axis 
of machine. 
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(iii.) Calibration of micrometer screw, 

(iv.) Sensitivity of indicator. 

(v.) Calibration of scale. 

(i.) Surface of Bed . — The importance of the 
straightness of the bed in machines where the 
scale is not in line with the axis of measurement 
has already been emphasised (see § (17), III.). 
In such cases sufficient accuracy is hardly 
obtained by the ordinary straight-edge test, 
and it becomes necessary to make a more elabo- 
rate investigation, using an autocollimating 
telescope and a mirror. Briefly, this method 
consists in mounting a mirror on either the 
headstock or tailstook (whichever moves), so 
that its face is perpendicular to the axis of the 
bed, and fixing a telescope opposite the mirror 
with its axis parallel to that of the bed. When 
correctly adjusted, an image of the cross wires 
of the telescope will be seen in the eye-piece. 
The carriage supporting the mirror is then 
moved slowly along the bed, and if the latter 
is not straight the carriage will tilt slightly 
and give rise to movements of the image of 
the cross wires in the telescope. The amount 
of angular motion of the carriage can be 
readily ascertained if the movement of the 
image is measured with a micrometer in the 
eye-piece of the telescope. 

(ii.) The Measuring Faces . — The flatness of 
the faces is investigated most readily with an 
optical proof plane. Want of flatness will 
be indicated by the presence of c ‘ Newton’s 
Rings,” and an estimation of the error can 
be made by noting the number of rings which 
occupy the area of the face. The faces 
should, if anything, he slightly convex. By 
careful lapping it is a fairly easy matter to 
make them flat to within 0*00001 in. The 
parallelism is tested by making a number of 
measurements on a £ or f in. steel ball, when 
placed in different parts of the faces. For 
this purpose it is useful to 

— fr 2 ) solder the ball on to the end 

^ of a short rod as shown in. 

Figk 154. Fig . 154. A flat is made on 

the handle, which is always 
kept in one position, either vertical or hori- 
zontal, in order to confine the measurements 
to one diameter of the ball. 

Although the faces may be parallel they 
may both be inclined to the axis of the bed 
of the machine. Such a defect would produce 
an error when comparing a fiat-ended gauge 
with one having spherical ends, both gauges 
being supported. In order to test the square- 
ness of the faces it is necessary to have an 
end gauge with flat faces which are accur- 
ately perpendicular to its axis. The gauge is 
mounted in the machine on a pair of supports 
which are adj usted vertically and transversely 
until the body of the gauge lies accurately 
parallel to the bed, as tested with a surface 
gauge and indicator. The end faces will 


then be square to "the bed in both directions. 
A test of the parallelism of each contact 
face with the corresponding end face of 
the gauge is then made as before by taking 
measurements with a ball at each end of the 
bar in turn. 

(iii.) The Micrometer . — The accuracy of the 
readings of the micrometer screw is tested 
most readily by taking a series of measure- 
ments on a number of standard slip gauges 
whose sizes are accurately known. The test 
should first be made using a series of gauges 
which differ in turn by an amount equal to the 
nominal pitch of the micrometer screw, or some 
complete multiple of it. Such readings, when 
properly corrected for the errors of the gaxiges 
themselves, will give a test on the progressive 
error of the screw. It will usually be found 
that the total progressive error does not 
exceed 0*0001 in. over a range of 1 in., and, 
provided the error is of a fairly uniform 
nature, it is hardly necessary to apply any 
correction in the case of comparative measure- 
ments where the difference between the 
standard gauge and the unknown gauge does 
not exceed 0*1 in. 

A more troublesome error, and one which 
frequently occurs, is that which arises from 
lack of squareness of the thrust collar of the 
micrometer screw and the abutment plate 
with respect to the axis of the screw. Refer- 
ring to Fig . 155, which shows the micrometer 
spindle in two 
opposite posi- 
tions during a 
revolution, it 
will be seen that Thru ^ 
the spindle has 
moved axially 
an amount e , 
equal to the 
error in the 
squareness of 
the thrust face 
which is the Thrus ^ 
more nearly 
accurate of the 
two surfaces. 

This end move- 
ment is re- Fig. 155. 

versed during 

the second half of the revolution. Conse- 
quently, throughout its run, the micrometer 
spindle experiences an oscillatory axial move- 
ment which is repeated at every revolution, 
and which can be represented by the ordi- 
nates of a sine curve, the periodicity being 
equal to the pitch of the screw. 

In order to test for this periodic form of 
error, a series of gauges should be chosen 
so that a number of readings can be obtained 
within a range of one revolution of tl>o 
micrometer, e.g . if the pitch of the screw, is 
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005 in. the gauges could he made to differ 
by 0*01 in. in turn, so as to obtain 5 readings 
over a revolution. The test should be repeated 
over several revolutions in different parts 
of the screw. The diagrams in Fig* 156 
represent actual calibration curves obtained 
for a micrometer screw having a pitch of 
0*05 in. The tipper curve shows the results 
of measurements made at every 0-1 in. along 
the screw, from which it will be noted that 
the progressive error is within 0*00004 in. 



The lower curve gives the corrections to 
be applied to the readings on account of 
periodic error, which amounts to ±0*000025 
in. The curve does not follow exactly a 
theoretical sine curve probably owing to 
observational errors. 

(iv.) The Indicator . — The indicator should 
be tested initially by taking a number of 
settings on the same gauge, and noting the 
accuracy to which the readings agree. The 
effect of relatively fast and slow settings should 
also be tried. A test for cc stickiness 75 can 
be obtained by making a setting and then 
giving the whole machine a series of jars. 
If the indicator has considerable friction in 
its mechanism, the effect will be to make a 
distinct change in its indication. 

The sensitivity of the indicator is tested by 
noting the change produced in its indication 
b y a known difference in the micrometer 
reading. The magnification of the indicator 
should be at least equal to that of the micro- 
meter screw and wheel. 

(v.) The Scale . — To calibrate the scale it 
should be removed from the machine, and the 
distance between its various graduations com- 
pared with standard scales by the methods 
referred to under “ Line Measures.” The scale 
should then be replaced on the machine 
and measurement made on a number of 
standard end gauges of known length, using 
the calibrated values of the scale. If the 
measured lengths of the gauges, after making 
the various corrections for temperature, etc., 
do not agree with their accepted lengths, it is 
probable that either the bed of the machine 
is in error, or the scale has been strained 
in fixing it to the machine. 


VI. Gvttok Comparators 

§ (80) Prestwick Fluid G.ittg e. — Designed 
and manufactured by Messrs. J. A. Prcstwich 
& Co., Ltd., London. 

This form of comparator is shown in Fig. 157. 

It consists of a solid base having an anvil piece 
E and carrying 
a vertical bar O 
at the rear, on 
which the indi- 
cator mechanism 
is supported. 

The latter con- 
sists of a flat 
m e t a 1 fl u i d 
chamber A, 
having a flexible 
diaphragm B at 
the under side 
and connected 
at the top to a 
fine - bore glass 
tube G. The dia- 
phragm carries a 
contact face IX 
If this face is 
pressed upwards 
the flexure of 
the diaph ragm 
causes the fluid 
to rise in the 
glass tube, the 
movement of 
the contact face 
being inagn ified 
approximately in 157 * 

the ratio of the 

sectional areas of the chamber A and the tube 
C. In practice this magnification varies in 
different instruments from 500 to 1200 accord- 
ing to the accuracy desired. 

The neck of the chamber A has a micro- 
meter thread of short range, and the upper 
surface is graduated round the periphery to 
indicate thousandths of inches. The height 
of the fluid column can be read against a 
metal scale G, graduated to read to ten- 
thousandths of an inch, according to the 
magnification of the particular instrument. 
When testing work between limits, the instru- 
ment is first adjusted roughly by lowering the 
indicator by means of the rack and pinion 
motion on the supporting bar, until the face . 1 ) 
comes in contact with a setting gauge or a 
standard piece of work placed on the anvil. 
The final adjustment is made by means of the 
micrometer screw,, The two index points H 
and J are then set to correspond with the 
prescribed limits. The various pieces of 
work are then passed through the machine 
in rapid succession, and it is noted whether 
the height of the fluid column does, or does 
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not, arrive between the two points in each 
ease. 

The instrument is somewhat susceptible to 
temperature fluctuations as it acts much the 
same as a thermometer, the effect being to 
change the zero setting. To overcome this 
difaculty, a third point K is set initially 
opposite the normal fluid level when the 
contact face D is free. The position of this 
point is then checked periodically, and if it 
is found that owing to temperature effects 
the setting is no longer correct, the carrier 
F, which supports the three index points, is 

moved bodily by the 
thumb nut S so as to 
restore the setting. 

The instrument is 
accurate and rapid in 
use, and can be made 
to serve a variety of 
purposes by provid- 
ing suitably shaped 
anvils "E. 

§ (81) The Hirth 
‘ * Minimeter. ’ ’ — This 
instrument, which is 
made by the New 
Fortuna Machine Co., 
Ltd., Bristol, is a 
form of gauge com- 
parator where the 
differences are read 
direct on a graduated scale. Fig. 158 shows one 
type of the complete apparatus for the com- 
parison of end gauges. It consists essentially 
of a base to which is fixed a stiff vertical 
post carrying two brackets, the upper one of 



Fig. 158. 



Fia. 159. 

which supports the measuring head and the 
lower one the table on which the gauge rests. 
The brackets can be clamped at any convenient 
height on the post to accommodate different 
size gauges. The table has in addition an 
adjustment in the vertical direction by means 
of a fine pitch screw. The measuring head is 


Measuring 
Head 


provided with a trigger for raising the contact 
point when inserting the gauge. 

A special type of stand for use in comparing 
plugs is shown in Fig . 159. In this case the 
measuring head is held in an inclined position. 
The plug to be measured 
rests on two parallel 
cylinders fixed to the 
edges of two blocks, one 
of which is placed oppo- 
site the measuring head, 
the other being movable. 

The position of the latter 
is set against a scale to 
ensure that the axis of 

the measuring head always passes through the 
centre of the plug. The arrangement is shown 
diagrammaticaily in Fig . 160. Various other 
types of stands are made for adapting the 
measuring head to special uses. 

A sectional view of the measuring head is 
shown in Fig . 161. The principle of operation 



Fra. 160. 



Fra. 161. 


will be understood from the diagram to the 
right of the figure. A block, 2, which has vces 
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image of a cross-wire of nearly 0*2 in. This 
machine gave satisfactory readings to the 
millionth of an inch. 

One of the measuring faces had a hardened 
steel ball soldered in the centre and the other 
had three equal balls also soldered on in 
mutual contact in the form of a triangle. 
This type-of contact faces simplified the design, 
but, on the other hand, the machine could 
only be used for flat gauges. 

A more elaborate machine was designed by 
Mr. J. E. Sears in April 1919 on somewhat the 
same lines as the earlier machine, but it is 
more genei'ally useful since it has a pair of 
flat parallel measuring faces. The capacity 
of the machine is from. 0 to 4 in. 

(i.) General Arrangement . — In both types of 
machines one of the measuring faces is held 
rigidly while the other is brought up into con- 
tact with the gauge by the action of a weight 
which produces an elastic deformation of 



Pic*. 102. 


cut in its upper and lower faces, is held between 
two knife-edges, tho upper one of which, 3, 
is fixed, whilst the lower one forms the top of 
the measuring plunger 1. If the latter is 
moved upwards, the block 2 will be tilted and 
the amount of movement of the plunger will 
be indicated on the scale in the upper part 
of the instrument, the magnification being 
equal to the ratio of L to Z. The magnification 
can he set to any desired figure by varying the 
short arm l of the lever. This is accomplished 
by adjusting the lateral position of the small 
block 6 relative to the main block 2 by means 
of the two screws 7. The upper knife-edge 
3 is in the form of 
a prismatic - shaped 
steel piece which ob- 
tains its abutment 
against the stop 4, 
fixed to the body of 
the instrument. The 
knife-edges and vees, 
which are all glass- 
hard, are kept in 
contact by the ten- 
sion spring 8, which 
prevents any back- 
lash in the move- 
ment. The whole 
mechanism is en- 
closed in a dust-tight 
steel tube, 1 in. 
diameter by about 
6 in. in length, the 
upper end being pro- 
vided with a glass 
window in front of 
the index point and 
scale. The magni- 
fication is set in 
different heads so that the divisions of the 
scale indicate 0*001, 0*0005, 0*00025, or 

0-0001 in. The range of the instrument is 
about twenty-five divisions. 

§ (82) Special End Measuring Com- 
parator of High Sensitivity. — Special 
comparators have been designed at the 
National Physical Laboratory with the 
primary object of dealing with slip gauges 
where the tolerances allowed are of an order 
of only ±0*00001 in. This figure necessitates 
being able to make a comparison between an 
unknown gauge and a standard gauge of the 
same nominal size to an accuracy of about 
± one-millionth of an inch. 

The first comparator for this work was 
designed by Mr. E. M. Eden in October 1918, 
and was made at the Laboratory. This 
experimental machine was fully described in 
Machinery of January 8, 1920. The magnifica- 
tion obtained was approximately 18,000, so 
that a difference of 0*00001 in. between two 
gauges was recorded by a movement of the 


certain parts of the machine. This deforma- 
tion is magnified by mechanical and optical 
means and is recorded by the movement of the 
image of a cross- wire on a scale. 

A diagrammatic view of the later form of 
machine is shown in Fig . 162. 

The bed of the machine carries two head- 
stocks which are securely screwed down in 
position. The right-hand heads took 2 carries 
a plunger 3, I| in. diameter, which is lapped 
to be a good sliding fit in the bore and which 
can be held in position by two locking screws. 
The face of this plunger, which is | in. dia- 
meter, is lapped in a special jig to ensure it 
being quite flat and square to the axis of the 
plunger. The base of the left-hand headstock 
4 is screwed to the bed and supports a barrel 5 
by means of flexible steel strips 6 at each end. 
This method of support allows the barrel to 
move slightly backwards and forwards in a 
direction parallel to the bed, its axis mean- 
while remaining always parallel to itself. 
The barrel is bored to carry a spindle 7, the 
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right-hand end of which forms the second 
measuring face of the machine. The spindle 
has a spherical-shaped collar at the right-hand 
end which rests on a "bevelled facing at the 
end of the "barrel, the contact being maintained 
by a spring placed inside the barrel. The 
latter is bored to clear the spindle, the tail 
end of which is held between the points of 
two pairs of set-screws 8 placed at right 
angles and screwed into tongues at the rear 
end of the barrel. By adjustment of these 
set-screws the spindle can be tilted on its 
spherical seating until the two measuring 
faces are brought accurately parallel. As 
the faces are required to be parallel to an 
order of a millionth of an inch, this adjustment 
needs to be very sensitive, and is provided for 
by the springing action of the four tongue- 
pieces in which the set-screws were mounted. 

The pressure between the measuring faces 
is derived from weights 9, suspended by a rod 
hanging in a recess in the bed. This force is 
transmitted to the barrel by two bell- crank 
levers 10, placed one on each side of it. The 
working pressure of the machine can be 
readily adjusted to any definite figure by 
varying the amount of the suspended weights. 

To open the measuring faces for inserting 
a gauge, the barrel is moved slightly to the 
left on its flexible supports by means of a 
lever attached to the left headstock. This 
lever is connected to a spindle carrying an 
eccentric disc which operates on a stop fixed 
to a lower part of the barrel. (The lever is 
not shown in the diagram.) Having inserted 
a gauge, the lever is turned to disengage the 
eccentric and the left-hand measuring face is 
automatically brought in contact with the 
gauge by the action of the weights, with the 
result that the gauge is held suspended between 
the two faces. 

(ii.) Indicator . — When comparing two gauges 
of approximately the same size, they are in- 
serted in turn between the measuring faces, 
as just described, and it is the function of 
the indicating gear to register the relative 
displacement between the two settings of the 
left-hand measuring face or the barrel to which 
it is fixed. 

This indicator gear magnifies the small 
displacement partly by mechanical and partly 
by optical means. The mechanical part is 
performed by a 10 to 1 bell-crank lever 11. 
This lever is not supported on pivots, which, 
however well made, would introduce some 
degree of friction or backlash, but has a virtual 
axis of rotation formed by the line of inter- 
section of the planes of two pairs of steel 
strips 12, one pair horizontal and the other 
vertical, which are fixed to the lever and to 
lugs on the base of the left headstock. (The 
perspective view of the machine makes this 
arrangement clear.) The short arm of the 


lever, which is vertical, is furnished with a 
hardened steel ball point which rests against 
a flat hardened steel stop 13 projecting from 
the base of the barrel. The face of this stop 
is arranged to be vertically above the virtual 
axis of the lever, so that no sliding (with 
consequent friction) takes place at this contact 
for small movements of the barrel, the motion 
being wholly of a rolling nature. It might be 
mentioned that the correct functioning of 
the machine depends largely upon the 
method adopted for supporting this lever 
and the arrangement of its contact with 
the barrel. 

The longer arm of the lever is horizontal, 
and the vertical motion of its end is transmitted 
to a tilting mirror 14. To prevent undue 
straining of the suspension springs of the 
lever, its motion is limited "by two stops as 
shown in the diagram. The mirror, which 
consists of a plano-convex lens of approxi- 
mately 80 in. focal length with the lower 
plane surface silvered, is fixed lightly to 
a thin brass disc, about £ in. diameter. 
Three T Vin. steel balls are soldered to the 
base of this disc, the middle one being approxi- 
mately 0-1 in. off the centre line of the two 
outer ones. The middle ball rests between 
two T \-in. diameter cylinders fixed horizontally 
to the end of the 10 to 1 lever with their axes 
parallel to the lever, and the outer ones are 
supported in a similar manner on brackets 
fixed to the base of 
the headstock. The 
arrangement is shown 
in Fig. 103. The 
mirror and brass plate 
are made as light as 
possible, and the balls 
and cylinders on which 
they rested are highly 
polished so as to re- 
duce the friction to a 
minimum. When in 
use the mechanism of 
the left headstock is protected from dust by 
an aluminium hood which fits over it. 

A 100-c.p. “ Pointolite ” lamp in a special 
holder 15 {Fig. 162) is supported from the wall 
above the mirror. The lamp is provided 
with a condenser, by means of which the 
beam of light can be focussed on the small 
lens-mirror after passing through a small 
window in the hood. A fine wire is stretched 
across the front of the condenser and the 
lens-mirror forms an image of it, which, after 
reflection from a fixed mirror 16 placed above 
the machine, is brought to a focus on an opaque 
scale 17 placed at the rear of the machine. 
As the height from the lens-mirror to the fixed 
mirror is 54 ft., the total length of the optical 
lever is 132 in. The short arm of the optical 
lever is equal to the distance between the small 
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balls on the back, which is O-l in. 
magnification is thus equal to 


10 132 _ 

T*6T* 2 ’ 

i.e. 26,400. 


The total 


The last factor 2 is introduced to take account 
of the fact that the reflected beam of light 
turns through twice the angle of tilt of the 
lens-mirror. The result is that a displacement 
of the left measuring face of one hundred 
thousandth of an inch gives rise to a movement 
of the cross- wire on the scale of approximately 
0-25 in. 

The main divisions of the scale are set out 
by measuring standard slip gauges differing 
in size by 0-0001 in., these main divisions being 
afterwards divided into ten parts to represent 
0-00001 in. 

It is found that the machine will repeat its 
readings to within one-tenth of one scale 
division, i.e. to one millionth of an inch, but 
to obtain such repetition extreme care has 
to be taken with regard to the cleanliness of 
the surfaces of the gauges and of the measur- 
ing faces, and uniformity of temperature of 
the gauge and the machine. 

§ (83) The “ Level ” End - gauge Com- 
parator. — This machine was designed by 
Mr. A. J. C. Brookes of the National Physical 
Laboratory in 1918, and is the subject of 
Patent No. 166248. Its function is the accurate 
comparison of the lengths of flat-ended length 
gauges. The design of the machine is such that 
it will deal either with thin slip gauges of the 
Johansson type or end gauges of bar form up 
to 6 ft. or more in length. Gauges which do 
not differ in length by more than one or two 
ten-thousandths of an inch can be compared 
to an accuracy of about one -millionth of an 
inch. 

(i.) General Principle . — The scheme of this 
comparator is based on the use of a sensitive 
spirit-level. The essential parts of the machine 
are indicated in Fig. 164. The cast-iron bed 1 
has its upper surface finished accurately fiat, 
and on this surface rests a circular plate 2, 
the upper and lower faces of which are accur- 
ately finished both for flatness and parallelism. 
A central spigot on the base acts as a register 
for the plate. By virtue of the extremely 
high accuracy attained in the parallelism of 
the two surfaces of the plate, its upper sur- 
face remains parallel to its original position 
to within very fine limits when the plate is 
revolved. The two flat-ended gauges to be 
compared, G 1 and G 2 , are wrung on to the plate 
side by side. A sensitive spirit-level 4 has 
a steel block 5 attached to it as shown. Three 
steel balls are soldered to the base of the 
block, two at one end and one at the other, so 
as to provide a three-point support for the 
level-tube. 


To use the instrument, the level is allowed 
to rest on the two gauges and the position 
of the bubble in the tube is noted. The level 



is lifted off and the plate 2 carrying the gauges 
is rotated through 180°. The level is again 
placed on the gauges (without being turned 
end for end), so that the right-hand ball now 
rests on G x instead of G 2 , and the position of 
the bubble is again, noted. 

Now, since the surface of the plate does not 
deviate from its original plane during the 
rotation, the process of turning the plate 
through 180° is equivalent to interchanging 
the positions of the two gauges on the plate 
with the latter kept in its first position. If the 
two gauges are not of equal length, then the 
position of the bubble in the level-tube will 
differ after the plate has been revolved. More- 
over, it should be noted that the effect of 
interchanging the gauges with respect to the 
level-tube is to tilt the latter through an angle 
equal to twice the difference between the 
lengths of the gauges divided by the longi- 
tudinal spacing of the balls on the base of the 
level. Assuming then that the calibration 
of the scale on the level is known with refer- 
ence to the particular spacing of the balls, 
the difference between the gauges is obtained 
by halving the travel of the bubble. The 
sign of the difference is readily obtained by 
noting in which direction the bubble moves 
after the gauges have been interchanged. 

It should be appreciated that it is not 
necessary for the surface of the plate 2 to be 
level. It is convenient, however, to adjust 
it by means of the levelling screws on the base, 
so that if the level-tube is allowed to rest on it, 
the position of the bubble is fairly central. 
This adjustment provides that the two 
positions of the bubble, when measuring, shall 
be approximately equidistant from the centre 
of the tube. 

(ii.) Sensitivity. — The accuracy to which 
comparisons can be made depends upon two 
factors — the radius of curvature of the level- 
tube and the spacing of the balls. With 
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regard to the former, it is possible to obtain 
ground level-tubes up to a radius of 800 ft. 
It has not been found necessary, however, to 
resort to a radius of more than 500 ft. to obtain 
sufficient sensitivity. Such a tube, with the 
balls spaced at 0-7-in. centres, gives a mag- 
nification of about 17,000 in the reading. The 
latter figure takes into account the doubling 
effect produced by rotating the plate carry- 
ing the gauge. If the spacing of the balls 
is reduced to 0*35 in., which is permissible 
when dealing only with block gauges, then 
the magnification reaches about 34,000. 

It often happens that, even with level 
tubes which have been ground internally, 
the radius of curvature is not uniform along 
the tube. It is necessary, therefore, to test 
level tubes before making use of them in this 
apparatus. 1 

The accuracy of the results obtained from 
the machine can be made independent of any 
effect arising from slight lack of parallelism 
of the upper and lower faces of the rotating 
plate by adopting the following procedure. 

The gauges are wrung down to the plate and a pair 
of readings obtained as indicated in (i.) above. The 
positions of the gauges on the plate are then inter- 
changed and a second pair of readings obtained. The 
mean of the distances through which the bubble moves 
on the two occasions is a measure of the difference 
between the gauges, quite apart from any error which 
may exist due to rotation of the plate. This error 
can he determined by taking readings of the level 
when it is allowed to rest directly on the upper surface 
of the plate, which is rotated between the readings. 
With a plate which has just been trued up the error 
does not usually amount to more than a millionth of 
an inch over a 0*7-in. span. Cast-iron plates, how- 
ever, even after heat treatment and ageing, have 
been found to warp to some extent, and, to obtain the 
best results, it is necessary to true up the faces 
periodically. 

The upper surface of the base and the lower 
surface of the plate are finished by lapping, and, 
in order that the latter shall revolve freely, 
the interface is liberally lubricated with 
paraffin. It has been found that even when 
a comparatively large amount of paraffin 
is present between the surfaces, the liquid 
distributes itself as a film of uniform thick- 
ness, and the accuracy of the rotating plate 
is unimpaired. 

(iix.) Mechanical Arrangements . — The general 
arrangement of the machine is shown in 
Fig . 165. The bed plate 1 carrying the rotating 
plate 2 rests on a stiff bracket 3 bolted to a 

1 A description of an instrument designed for cali- 
brating level-tubes will be found in the Annual 
Ueport for 1920 of the National Physical Laboratory 
{published by H.M. Stationery Office). For ordinary 
purposes, where level-tubes are used merely as in- 
dicators — the bubble always being brought to the 
central position — it is not essential that the radius 
should be uniform. (See also £< Spirit-Levels/’ by 
E. O. Henrici, Trans . Opt . Soc „ Dec. 1918.) 


wall. The measuring head 4, which carries 
the level-tube, is in the form of an inverted T, 
the vertical arm of which slides in a tube 8. 
The latter is supported horizontally by two 
rods from a crosshead piece 9, which can be 
clamped at any desired height on the bar 5. 
The lower end of this bar rests on the bracket 
3, whilst its upper end is held by set screws in 
a bracket 10 bolted to the wall. The level- 
tube is supported inside the horizontal brass 
tube forming the lower part of the T-piece 4. 
This brass tube can be moved longitudinally 
with relation to the vertical part of the T by 
means of the traversing spindle 7. The whole 
of the T-piece and measuring head can be 
moved in a direction at right angles to the 
wall by a rack and pinion motion on the 
rods which pass through the crosshead and 
which support the tubular piece 8. The 
milled head for this traverse is shown at 11. 
Finally, the T-piece can be raised or lowered 
in the tube 8 by turning the milled head 6. 
Thus it will be seen that the measming head 
can be moved longitudinally, transversely, 
and vertically- The latter motion allows the 
level-tube to be lowered into its working 
position on the gauges when it is desired to 
take a reading, or to raise it up clear when the 
plate carrying the gauges is to be revolved. 
The horizontal motions permit the feet of the 
level to be brought into contact with the 
upper surfaces of the gauges in any desired 
positions. 

(iv.) Setting of Level -tube in Measuring 
Head . — The arrangement of the measuring 
head must he such that when the feet of the 
level-tube are resting on the gauges the tube 
must be quite free to take up its natural 
position, depending only on the relative 
heights of the upper surfaces of the gauges. 
The method of supporting the level-tube in 
the horizontal tube of the measuring head is 
shown in Fig . 1 66. The tube 1 is first placed 
inside an aluminium sleeve 2, which has a 
bush at each end bored so as to be an easy 
fit on the glass tube. The tube is fixed in 
the sleeve by packing soft wax round the 
hushes. The distance between the bushes is 
such that the level-tube is supported approxi- 
mately at the cc Airy points,” so as to mini- 
mise distortion. The feet of the level consist of 
two steel balls soldered into a steel block 3, 
which is attached to the under side of the sleeve 
by two finely threaded screws. A piece of 
steel wire is clamped transversely between 
the top of the block and the sleeve, and by 
adjusting the two screws, the angular position 
of the block 3 can be set with respect to the 
level-tube so that the bubble of the latter is 
approximately central when the feet rest on 
a horizontal surface. The sleeve containing 
the level-tube is enclosed in a brass tube 4, and 
is supported, when not in use for measuring, by 
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the two adjustable screws 5. Apertures are the lowering is continued until the level is 
left in the upper part of tube 4 for viewing freed from the supporting screws 5 (Fig, 166). 



the bubble. The tube is 
falling sideways by the pin 
sleeve, this pin being 
guided between two 
parallel wires off the 
tube 4. | 

The tube 4 forms 1 

the horizontal portion 1 

of the T- piece re- 
ferred to in (iii.) 
above and shown in 2 
Fig. 165. When it is 
required to bring the 
level tube into the 
measuring position, 
the measuring head 
is lowered by means 
of the knurled head 6 (i 
ball feet come in contact 


Fig. 165. 

prevented from | The level-tube now rests freely on the two 
6 attached to the | gauges, the only constraint being in the 

lateral direction from 
2 c5] .,6 y the pin 6 between its 

1 \ \ guides. Since the pin 

■ iggj ^ === — " f is a free fit between 

< - V — P V II \ I -tlie latter, the level is 

\ _ l _ [ J_1 14 — T | at liberty to set itself 

^ ^ in accordance with the 

<J 3 5 relative heights of the 

,6 upper surfaces of the 

two gauges. To re- 

figm, ]j ad. move the level from 

\SMJ Cr0SS ( £:£™J) gauges the 

-SSSr S ) measuring head is 

3 Fig. 166. raised and the level- 

tube is picked up on 

T'ig. 165) un til the the screws 5, and it can be lifted completely 
with the gauges ; clear of the gauges. 
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It should be noted that it is no longer 
necessary to have two balls at one end of the 
block 3 since the pin 6 prevents the level tube 
from falling over sideways when placed on the 
gauges. 

(v.) Measuring Scale . — A special device 
(due to Mr. E. M. Eden) is used for noting 
the position of the bubble relative to the 
tube when taking measurements. It was not 
convenient to have a scale engraved on the 
upper surface of the level - tube, since the 
divisions have to suit both the actual radius 
of the tube and the distance between the 
centres of the ball feet. The method adopted 
to obviate this is shown in Fig . 167. A strip 
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of glass, which is silvered longitudinally only 
over the lower half, is supported at an angle 
above and slightly to the rear of the tube, 
so that its surface is parallel to the axis of the 
latter. A scale is placed behind the glass 
as shown. The distance of the scale from the 
glass and the angle of tilt of the latter are 
adjusted until an image of the bubble is seen 
superimposed on the lower half of the scale, 
both being in the same plane, i.e. there is no 
parallax between the image and the scale. 
The appearance when looking into the glass 
is shown in the front view of Fig . 167. When 
taking a reading, the position of the extreme 
end of the bubble is noted against the scale. 
Only one end of the bubble is read. The 
glass and scale are held in a suitable fixture 
which slides over one end of the tube 4 in 
Fig . 166. 

(vi.) Calibration . — Having chosen a level- 
tube of uniform radius whose approximate 
magnitude, in conjunction with the spacing 
of the ball feet, gives a suitable magnification, 
it is necessary to determine the spacing of 
the divisions of the scale so that it will read 
direct to, say, hundred-thousandths of an 
inch. 

A pair of gauges differing by about 0*0001 
in* is wrung on to the rotating plate of the 
machine. The difference between the gauges 
must be known beforehand to an accuracy 
of one-millionth of an inch. Using a prelimin- 
ary scale divided into tenths of inches, two 
readings are obtained on the gauges, one 


before and one after rotating the plate. 
Suppose that the total distance traversed by 
the bubble between the two settings, per 
0*0001 in. difference between the gauges, is 
1*80 in. ; a scale would then be drawn out 
having an over-all length of 1-80 in. and 
divided into 20 parts. This scale would be 
substituted for the preliminary scale and its 
di visions would indicate differences of hundred- 
thousandths of inches, bearing in mind that 
the difference becomes doubled when the posi- 
tions of the gauges are interchanged. 

This machine has one great advantage 
over other comparators of different design. 
When comparing two gauges, the measure- 
ment which gives the difference is made simul- 
taneously on the two gauges, and if during this 
measurement the gauges are affected thermally 
by the presence of the observer, the effect 
on the two gauges should be the same. It is 
unnecessary to handle the gauges during the 
comparison even with insulated clips, the 
procedure being to set them up together on 
the plate and allow time for the dissipation 
of the heat due to handling before a measure- 
ment is made. 

Another very valuable feature of this 
machine is the facility with which long, flat- 
ended gauges can be compared. The com- 
parison of a pair of 36 -in. gauges can be made 
with practically the same accuracy as when 
dealing with a short pair. When measuring 
fairly long, fiat -ended gauges in a horizontal 
type of measuring machine or comparator, 
it is most important that 
the supports used should 
be adjusted so as to 
bring the axis of the bar 
parallel to that of the 
machine. In the level 
comparator, supports are 
no longer required, and 
the possibility of errors 
arising from their use is 
eliminated. 

§ (84) Dial Indica- 
tors. — This type of com- 
parator or indicator is 
to be found in common 
use in workshops. It 
consists of a measuring 
head which can be used 
for a variety of purposes 
by adapting it to suit- Fig. 1 08 . 

able fixtures. One form 

of the complete instrument as made by Messrs. 
B. C. Ames is shown in Fig . 168, where the 
measuring head is arranged on a bracket over 
a small horizontal table, on which the pieces 
to be measured are placed. The height of the 
table is adjustable within the range of the 
pillar. The range of the measuring spindle 
is about J in. and the particular instrument 
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shown has 100 graduations round the dial, 
each representing 0*001 in. Most indicators 
are graduated to this figure or in metric units 
to 0*01 mm. They are also made, however, 
to read direct to 0*0001 in. 

The internal mechanism consists of a rack 
cut on the measuring spindle which operates 
a train of gears, the last wheel of which is 
connected direct to the spindle carrying the 
needle pointer. The spindle is pulled down 
by a spring, and backlash in the gears is pre- 
vented by the action of a hair-spring connected 
to a separate gear, which is not included in 
the train, but which meshes with one of the 
pinions. 

The accuracy of these indicators depends 
upon the precision of the rack and gear wheels. 
In some makes they cannot be relied on to 
better than 1 division when used over a range 
of more than a few divisions. 



Fig. 169. 


VII. Workshop Measuring Instruments 

§ (85) External Micrometer Calipers. — 
These instruments usually take the form of a 
bow frame, one arm of which is fitted with an 
anvil and the other with a measuring spindle. 
The axial motion of the latter is controlled 
by a fine screw-thread working in a nut which 
is held rigid in the frame. Fig. 169 shows 
a Brown & Sharpe micrometer capable of 

being used for 
measurements up 
to 1 in. The 
screw has a pitch 
of 0-025 in. and the thimble 
is divided into 25 parts, each 
of which thus corresponds to 
an axial movement of 0*001 
in. of the spindle, A vernier scale is en- 
graved round the barrel to enable readings 
to be taken to 0*0001 in. For metric measures 
the pitch of the screw is made 0*5 mm. and the 
thimble has 50 divisions each representing 
0-01 mm. The end of the spindle is hardened 
and its face finished accurately flat and square 
to the axis. The opposite measuring face is 
formed by a hardened steel stud screwed into 
the bow. Its axial position is adjusted by 
screwing it forward until the two measuring 
faces make contact with the instrument 
reading zero. A locking screw is provided 
for preserving the adjustment of the stud. 
A clamp ring is fitted to the spindle to fix it 
at any desired reading when it is required to 
use the micrometer as a fixed caliper. 

In using a micrometer, the thimble attached 
to the screw is rotated until contact is made 
between the measuring faces and the object 
being gauged. The amount of pressure exerted 
on the object when making contact depends 
upon the “ feel ” or £t touch ” of the manipu- 
lator, and for this reason readings obtained 


by two observers on the same piece may differ 
by as much as 0*0002 or 0-0003 in. This 
difference in measurement is avoided if each 
observer takes a preliminary reading on a 
reference gauge of known size and so determines 
the correction to be applied to the reading to 
suit his own particular touch. This method 
of using the micrometer as a comparator also 
enables the errors in the pitch of the screw 
to be avoided almost entirely, provided the 
reference gauge selected is of closely the same 
size as the object to be measured. 

When it is necessary to take rapid measure- 
ments of a large number of pieces, the micro- 
meter is often fitted with a ratchet or 
friction stop at the outer end of the spindle. 
This device ensures a constant pressure of 
contact. 

The larger sizes of micrometers are usually 
constructed so as to take measurements over 
a range of several inches. The run of the 
measuring head is restricted to one inch, and 
the instrument can he set to suit any particular 
inch range either by fitting a special anvil or 
by adjusting the position of a long sliding 
anvil in a bush at one end of the bow. Refer- 
ence end gauges are used for checking such 
adjustment. 

When using the larger sizes of micrometers 
it is usually found that, owing to lack of 
rigidity of the bow, the delicacy with which 
the contact can be felt is considerably reduced. 
This trouble can be overcome to a large 
degree by using the ratchet stop. Where 
possible, however, it is preferable to use a bar 
type of micrometer, such as is shown in Fig. 170, 



Fig. 170. 

for lengths above about 6 in. This type of 
micrometer, which was designed at the National 
Physical Laboratory, will be found to be useful 
for lengths even up to 4 or 5 ft. It consists 
of a length of ground rod on which two blocks 
can slide. One of these carries the anvil and 
the other a micrometer head fitted with an 
enlarged aluminium barrel and thimble to 
facilitate accurate reading. The micrometer 
is used resting on a surface plate, and is 
satisfactorily rigid even over lengths up to 
60 in. 

§ (86) Internal Micrometer Calipers. — 
These instruments are used for measuring 
internal distances between flat surfaces or 
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the diameters of holes. One type is shown in 
Fig. 171. It oonsists of a holder with a micro- 
meter screw and thimble at one end and a 
clamp at the other. A number of extension 



Fig. 171. 


rods of different lengths are provided ; these 
can be held in the clamp and the instrument 
can be used over a considerable range (8 in. 
to 36 in.). The rods have a number of 
grooves spaced 1 in. apart, and in such posi- 
tions that when the jaws of the clamp engage 
with one of them, the size over the extreme 
contact points is an exact number of inches 
when the micrometer head is set to zero. 



The contact points are hardened 
and slightly rounded for meas- 
urements of holes. 

Another type of micrometer 
for the measurement of holes, 
made by the Newall Engineering 


BPS®* 

fijgggl 


Fig. 172. 


Company, is shown in Fig. 172. 
This instrument has three 


measuring plungers which slide in radial 
bushes in the body, their inner ends being 
held against the conical end of the micro- 
meter spindle, which is contained in the 
handle. Any rotation of the micrometer 
thimble causes axial motion of the spindle, 
and this, in turn, gives a radial movement 
to the three contact points. To check the 
setting of such three-point micrometers it is 
necessary to have ring gauges of known size. 

The system of three-point measurement is 
not suitable for detecting ellipticity in holes. 

§ (87) Depth Micrometers. — This form of 
instrument is intended for the measurement 



Fig. 173. 


of depths of holes, slots, recesses, etc. It 
takes the form shown in Fig. 173, and consists 
of a micrometer head to which is fixed a 


hardened base, flat on the under side. The 
thimble of the micrometer carries a rod which 
passes through and projects beyond the base. 
The rod has a number of grooves spaced 1 in. 
apart, into which the clamp on the thimble 
can be fitted as desired. With a set of such 
grooved bars it is possible to measure any 
depth up to 24 in. 

§ (88) Vernier Calipers. — These instru- 
ments are used for taking both inside and 
outside measurements. The usual form of 
the caliper is shown in Fig. 174. It consists of 
a rectangular steel bar with an end projection 
which forms one of the measuring jaws. The 



other jaw is attached to a slide which can be 
moved to any position along the beam, the 
fine adjustment being made by a thumb- 
screw attached to an auxiliary slide. The dis- 
tance between the jaws is given by the read- 
ing of the scale engraved on the beam. This 
scale is usually divided into -j'^ths of inches, 
and a vernier on the slide enables readings 
to be taken to 0*001 in. In some instru- 
ments one side of the beam is engraved 
to read in inch units and the other in 
millimetres. 

The measuring jaws are hardened and their 
inner faces are finished flat and parallel. The 
outsides are rounded for a short distance from 
the ends for purposes of internal measurements. 
The thickness of 
the two ends is 
usually made J or 
i in., and this 
amount has to be 
added to the read- 
ing when taking 
internal measure- 
ments. 

§ (89) Vernier 
Height Gauge. — 

This instrument, 

Fig. 175, is used 
for measuring the 
heights of differ- 
ent locations on 
jigs, etc., when 
stood upon a 
surface plate. It 
consists of a base Fig. 175.' 

into which a verti- 
cal graduated bar such as is used in the 
vernier caliper is fixed. A slide carrying the 
measuring piece can be moved up or down 
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the bar, and the reading on the bar gives the 
height. 

§ (90) Surface Gauge. — This instrument, 
which is shown in Fig. 176, can be used in 
conjunction with a 
surface plate for test- Jw 

ing and marking off 
heights on jigs, etc. jjm r 


is found to fit. Odd sizes can be made 
up by putting two or more blades together. 




Jr The point of the 

^ jjw scriber, which is 

held by the clamp 
on the post, is set 
to a desired dimen- 
sion by the use of 
Fig. 170. a scale stood on 

the surface plate. 
This setting is facilitated by a fine adjustment 
of the inclination of the post to the base by 
the arrangement shown. A vee groove is 

cut in the base to allow the instrument to 
be used on shafts and spindles. 

§ (91) Dial Surface Gauge. — This type 
of instrument, which is shown in Fig. 177, 
consists of a dial indicator attached to a base 
and used for checking heights and various 
locations. The piece of work to be tested is 
placed on a surface plate and the height of 
the dial gauge adjusted to suit the surface to 
be tested. The variations in the readings 
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PIG. 178. 

§ (93) Screw Pitch Gauge. — This form 
of gauge, shown in Fig. 179, consists of a 
number of blades, 

the edges of which SSMalBp 

are profiled to re- , ■ -i mWw 

present standard j|jj|l®Bbfc. 

of threads such as ~ IfllilSffifljiP^ 

Whitworth, Sellers, 

System Inter- 

national. They Pig. 179. 

afford a ready means 

of identifying the pitches of screws, nuts, 
bolts, etc. 

§ (94) Wire Gauge. — This gauge is used 
for identifying the gauge number of wires, etc. 
A steel plate about ^ in. thick and of either 
rectangular or circular section, as in Fig. 180, 
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Pig. 177. 

of the indicator when the base is moved to 
different locations give the corresponding 
differences in height. 

§ (92) Thickness Gauge. — This consists of 
a number of steel blades, usually varying in 
thickness from 0-0015 to 0-025 in., marked 
with the corresponding thickness in mils 
and arranged in a holder as shown in Fig. 
178. They are used in the workshop 
mainly by fitters and erectors for determin- 
ing the widths of the gaps which may 
exist between adjacent pieces of work. The 
blades are tried in a gap in turn until one 


ENGLISH STANDARD 
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Fig. 180. 


has a number of gaps formed in its periphery, 
the widths of the gaps being equal to the 
sizes represented by the various gauge 
numbers. The plates are usually hardened to 
withstand wear. 

§ (95) Surface Plates. — These consist of 
plates of metal, usually cast-iron, the upper 
surfaces of which are finished flat. They are 
made in a large variety of sizes and shapes to 
suit different purposes. The plates are gener- 
ally hollow underneath and are suitably ribbed 
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to prevent undue distortion under the -weight 
of objects placed upon them. 

The rougher grade of plate has the surface 
simply machined, and the accuracy depends 
upon the flatness of the ways of the machine 
used and the coarseness of the cut. The next 
grade is produced by taking three plates 
which have reasonably good surfaces and 
scraping their surfaces until they match each 
other in pairs. The quality of the fit between 
two plates is tested by thoroughly cleaning 
their surfaces, supplying a very thin coat of 
some form of marking material, such as 
Prussian blue paint, to one of them, and then 
rubbing the two plates together. The points 
of contact will then be readily indicated on 
each plate. It is impossible to produce 
continuous flat surfaces by the process of 
scraping, and the quality of finish depends 
upon the proportion of the total area occupied 
by the high places. 

The highest grade of finish is obtained by 
lapping the plates together by using a special 
abrasive between them. Here again the 
plates should be made in batches of three, 
and the lapping should be distributed between 
the pairs of plates in rotation. By this 
means it is possible to produce surfaces which 
are optically flat, and which will consequently 
wring together under suitable conditions. 

§ (96) Straight-edges. — These consist of 
narrow bars or plates of cast-iron or steel 
whose edges are finished plane. They are 
used for testing the straightness of beds of 
machine tools, the alignment of the various 
parts of machines, etc. When made of cast- 
iron the form usually takes that of an arched 
beam. This design gives rigidity and freedom 
from distortion of the true edge due to the 
weight of the beam. Steel straight-edges, on 
the other hand, are usually made with the top 
and bottom edges parallel, and are liable to 
appreciable flexure due to their own weight. 
It is a common practice to make a 72 in. 
straight-edge with a rectangular section of 
3 x in. which, at first sight, would appear 
to be reasonably deep and strong. If placed 
on edge with a support at each end, however, 
it will be found that the middle sags by 0*0045 
in., and if the two supports are brought close 
together at the middle the ends will be 
found to droop by 0*002 in. Consequently, 
if the straight-edge were used to test a surface 
either concave up to 0*0045 in. or convex 
up to 0*002 in., the straight-edge would 
touch the surface throughout its length and 
the surface might be considered to be quite 
good by an inexperienced observer. To reduce 
the flexure to a minimum, the straight-edge 
should be supported off the surface to be tested 
on two equal blocks, placed symmetrically 
with respect to the bar, and at a distance apart 
equal to 0*55 of its length. The gap between 


the straight-edge and the surface can then be 
tested for parallelism by inserting slip gauges 
in various positions. 

Short straight-edges, up to about 6 in. in 
length, are sometimes made on the ct knife 
edge ” principle. The edge of the bar is 
bevelled off and the sharp edge produced is 
slightly rounded. Using such a straight-edge 
in front of a strong light, it is possible to detect 
errors of an order of a few hundred-thousandths 
of an inch in the flatness of surfaces. 

§ (97) Squares. — The usual form of engi- 
neer^ square consists of a bar, known as the 
stock, into which a blade is fixed. The edges 
of the stock and blade are accurately finished 
and are made as closely as possible at right 
angles. For tool- and gauge-making, where the 
highest accuracy is required, the edges of the 
blade are usually bevelled 
as shown in Fig. 181, and 
both stock and blade are 
hardened. 

Squares can be tested by 
taking a set of three and 
comp)aring them together 
in pairs with the stocks resting on a good surface 
plate. Another method is to make a reference 
square, which consists of a cylinder of cast- 
iron ground accurately cylindrical and having 
its base finished truly square with its axis. 
This is stood upon an accurate surface plate 
together with the square to be tested. The 
edge of the blade is brought into contact with 
the cylindrical surface of the block, using a 
well - illuminated surface as a background. 
The square should be tried against the block 
in several positions round the circumference, 
and it should be noted whether the error, 
if present, remains constant. If variations 
are seen, it indicates that the base of the 
block is not truly at right angles to the axis 
of the cylinder, and the block should be 
corrected before being used further. 

§ (98) Angle-measuring Instruments. — 
There are various types of instruments used 
for measuring 
angles in the 
workshop. One 
of the common- 
est, the bevel 
protractor, is 
shown in Fig . 182. 

It consists of a 
plate, the lower Fig. 182. 

edge of which is 

straight, and which carries a pin on which 
a second plate can revolve. The latter plate 
carries a straight-edge blade, and the inclina- 
tion between this blade and the edge of the 
lower plate can be varied at will. The angle 
between the two edges can be read to an 
accuracy of 5 minutes of arc on a circular scale 
engraved on the lower plate. A small pinion. 



1 



Fig. 181. 
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which, engages with teeth on the upper plate, 
is provided for making fine adjustments of the 
angular setting. 

Another type of instrument, which was 
designed at the National Physical Laboratory, 
is made on the principle of the clinometer 
and is shown in Fig. 183. It resembles the 



Pig. 183. 


bevel protractor in having two plates, but the 
upper one, instead of being provided with a 
straight-edge, has a sensitive spirit-level tube 
attached to it. In measuring the angle 
between two edges of a plate the latter is held 
rigidly in a vice and the straight-edge on the 
base plate is placed on one of the edges. The 
second plate is then revolved on the centre 
pin until the bubble of the level tube is in the 
middle of its run, the fine adjustment being 
made by the tangent screw shown. The 
reading of the angular scale is then noted 
and the straight-edge is transferred _ to the 
second edge of the plate. The level is again 
adjusted and a second reading is taken. The 
difference between the readings gives the angle 
between the two edges. The angular scale 
is divided on a silver strip and readings can 
be made to one minute of arc. This in- 
strument proves 
very useful when 
setting up jig- 
work on the 
milling machine 
or surface 
grinder. 

The sine-bar, 
as shown in Fig. 
184, is a simple 
device for making accurate angular measure- 
ments. It consists of a hardened steel bar with 
parallel edges and having two plugs, or buttons, 
of equal diameter inserted in it. The plugs 
are spaced at exactly 5 or 10 in. centres, 
according to the length of the bar, and their 
distances from the edges of the bar are equal. 
The method of using the bar is indicated in 



the figure. The plugs are rested on two piles 
of block gauges, the heights of which are made 
to differ by an amount h, which is obtained from 
the formula h — 5 sine 6, where 0 is the angle 
of inclination of the bar. By making the 
distance between the plugs exactly 5 or 10 in. 
the calculation is simplified. 

The sine-bar begins to lose its sensitivity 
for angles above 45°, but this can be remedied 
by making the bar with a right-angle projection 
and by setting up the plugs to suit the 
complement of the angle required if this 
exceeds 45°. 

H. It. 

Gauges : 

End : standardisation by comparison with 
scales. See “ Gauges,” § (17). 

For depth measurement. See ibid. § (1) (iii.). 
For position and location methods of 
measurement and use. See ibid. § (3). 

For profiles. See ibid. § (2). 

“ Go ” and “ not-go,” theory of. See 
“ Metrology,” § (21). 

Limit: theory and use of. See ibid. § (17) (ii.). 
Limit : description of various types. See 
“ Gauges,” § (1). 

Limit : external types. See ibid. § (1) (ii.). 
Limit : internal types. See ibid. § (1) (i.). 
Limit : screw. See ibid. § (4). 

Methods of measuring external limit gauges 
of ring and gap type. See ibid. § 7. 
Methods of measuring internal limit gauges 
of plug and bar types. See ibid. § (6). 

“ Not-go,” for screw threads, to control 
individual elements separately. See 
“ Metrology,” § 25 (L). 

Position type : method of measuring. See 
“ Gauges,” § (13). 

Profile type : methods of measuring. See 

ibid. § (12). 

Bing type : Tomlinson’s method of measure- 
ment. See ibid. § (6) ( d ). 

Screw types, measurements of. See ibid. 

§ (3). 

Secondary standards : halls and roller 
gauges. See ibid. § (5) (iv.). 
Spherical-end and steel balls : elastic com- 
pression during measurement. See ibid. 
§ (16). 

Standard: plug and ring types. See ibid. 

§ (5) (iA 

Standard : principle of comparison by 
measuring -machines. See ibid. § (14). 
Standard, reference, check, and master. 

See “ Metrology,” VI. § (19). 

Standard block type. See “ Gauges,” § (5) 
(iii.). 

Standard block type : method of making at 
National Physical Laboratory. See ibid. 
§ (5) (iv.). 

Standard end bars. See ibid. § (5) (ii.). 
Standard end type : their calibration in sets. 
See ibid. § (15). 
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Taper plate form : method of measuring. 
See ibid. § (11). 

Taper plug form : methods of measuring. 
See ibid. § (9). 

Taper ring form: methods of measuring. 
See ibid. § (10). 

Gauges and Engineers’ Scales. See 
“ Metrology,” VI. § (17). 

Gauging oe Casks and Barrels : the deter- 
mination. of the capacity of casks and 
barrels. See “ Volume, Measurements of,” 
§ ( 6 ). 

Gauging op Screw Threads. See “ Metro- 
logy,” § (25). ' See also “Gauges,” III. 
§§ (18), etc. 

Gay Lussao’s Alcohol Tables. See “ Alco 
holometry,” § (4). 

Geodetic Measures, (i.) The Nautical Mile. 
— According to the definition adopted in 
England and the United States, the nautical 
mile is equal to the length of one minute of 
arc of a great circle on a spherical earth 
assumed to have the same area as Clarke’s 
ellipsoid (see below). 

On the Continent the terms “ nautical 
mile ” and “ geographical mile ” are inter- 
changeable, and both are defined as the mean 
length of arc of one minute of latitude 
which varies from 1842-7 m. at the equator 
to 1861-3 m. at the poles. 

Adopting the English definition for 
nautical mile, 

Nautical mile . =1853-152 m. (Admiralty). 

=6080 feet. 

= 1-1515 statute miles. 

Geographical mile = 1852 m. ( Annuaire du Bureau 
Central des longitudes). 
=6076-8 feet. 

(ii.) Clarice's Ellipsoid. — The surface of 
the planet as determined by “ sea-level ” is 
approximately an ellipsoid, known as 
Clarke’s ellipsoid, with axes as follows : 

Semi-polar axis . =6,356,068 m. ; 

Semi-equatorial axes =6,378,294 m. and 

6,376,350 m. ; 

and according to Clarke’s figures : 

1 quadrant = 10,007,000 m. 


The values of the radii have also been 
given as follows : 



Equatorial 

Radius. 

Polar 

Radius. 

Clarke, 1880 . 
Helmert, 1906 

CIS. Survey, 1906. 

m. 

6,378,249 

6.378,200 

6,378,388 

m. 

6,356,515 

6,356,818 

6,356,909 


(iii.) Geodetic Constants . — The mean polar 
quadrant = 10,002 kilometres (determined 
from a mean of Helmert and U.S. Survey). 


Value of g : Equator . =078*024 cm. /s. 2 

Lat. 45° . =980*617 cm. /s. 3 

London . =981*19 cm. /s. a 

Pole * - =983*210 cm./s. 2 

Mean density of earth - =5*5 g./c.c. approx. 

Mean density of surface of 

eai*th .... =2*65 g./c.c. 

Volume of earth . . =1*082 x 10 21 m, 2 

Mass of earth . . . =5*98 x 10 27 g. 

= 5*87 x 10 21 tons. 


= 1*45 x 10 18 cm. 3 
= 3*67 x 10 18 cm. 3 


Area of land (estimated). 

Area of oeean (estimated) 

Mean depth of ocean 
(Murray) 

Volume of ocean 
Mass of ocean . 

Mass of the atmosphere „ 

Velocity of a point on the equator due to the 
earth’s rotation = Ew =4*65 x 10 4 cm./s. 2 = 1040 
miles per hour. 


= 3*85x10“ cm. 
= 1*41 x 10 24 c.c. 
= 1*45 x 10 24 g. 

= 5*33 xlO 21 g. 


Length of 1° of Longitude in different 
Latitudes 


Latitude. 

Metres. 

Nautical 

Miles. 

Miles. 

0° 

111,307 

60-064 

69*164 

10° 

109,627 

59-157 

68-120 

20° 

104,635 

56*463 

65-018 

30° 

96,475 

52*060 

59*948 

40° 

85,384 

46-075 

53*056 

50° 

71,687 

38*684 

44*545 

60° 

55,793 

30*107 

34*669 

70° 

38,182 

20*604 

23*726 

80° 

19,391 

10*464 

12*049 

90° 

0 

0 

0 


See Vol. I. “ Measurement, Units of.” 


Geoid, The. See “ Gravity Survey,” § (7). 

Geometric Design. See “ Instruments, 
Design of Scientific,” § (12). 

Geostrophic Wind. This is the approxima- 
tion to the gradient wind obtained when 
the curvature of the path is neglected. 
Its magnitude is such that the deviating 
force due to the earth’s rotation is exactly 
balanced by the gradient of pressure. In 
medium and high latitudes the geostrophic 
wind is taken as a reliable measure of the 
wind at 2000 to 3000 feet. See “Atmo- 
sphere, Physios of,” § (9). 

Computation of. See ibid. § (10). 

Height of attaining. See ibid. § (14). 
Variation with height. See ibid. § (10). 

Gilpin, George, “ the founder of alco- 
holometry.” See “ Alcoholometry,” § (4). 

Glaisher : factors for obtaining the dew- 
point from readings of the dry- and wet- bulb 
thermometers. See “ Humidity,” II. § (2) 

(ii.)- 

Glaisher’s Thermometer Screen. See 
“ Meteorological Instruments,” § (5) (iii.). 
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GLORY : a series of coloured rings surrounding 
the shadow cast by the observer’s head on a 
bank of fog, mist, or cloud. See “Meteoro- 
logical Optics,” § (15) (iii.). 

Grade, Definition of Term,” as used in 
connection with screw threads. See “ Metro- 
logy,” § (25) (ii.). 

** Grade of Work ” : definition of term. 

See “ Metrology,” § (29) (i.) (b). 

Gradient Wind. The gradient wind is that 
which will just balance the gradient of 
pressure, when the deviating force due to 
the earth’s rotation and the centrifugal 
force due to the curvature of the path are 
both taken into account. The formulae 
to be used for the computation is given in 
article “ Atmosphere, Physics of the,” § (9), 
equations (1) and (2). The cyclostrophic 
component, i.e. the term V 2 cot rj R, is only 
of importance in high latitudes for very 
strong winds, and it is quite frequently 
neglected, the gradient wind being assumed 
to be equal to the geostrophic wind. 
The calculation of the wind speed is much 
simplified thereby, since the wind can be 
immediately computed from the distance 
apart of the isobars. A scale graduated in 
accordance with the scale of the map and 
the pressure interval between consecutive 
isobars gives a direct reading of the velocity. 
See “ Atmosphere, Physics of,” § (9). 
Graphical Method : the representation of 
sets of correlated observations by means 
of ooplanar points, each set of observations 
representing distances, measured in general 
from fixed orthogonal axes of reference. 
See “ Observations, The Combination of,” 

§ ( 7 ). 

Gravimetric Determinations of Volume. 

See “ Volume, Measurements of,” § (7). 
Gravitation, Constant of : the constant 
G in ISTewton’s equation 

Force of attraction = GMm/A 
See {e Earth, Density of the,” § (1). 
Gravity : 

Determination of intensity of, by Threlfall 
and Pollock’s gravity balance. See 
“ Gravity Survey,” § (5) (i. ). 

Direction of the force of, the reference 
spheroid. See ibid. § (7). 

Measurement of, by the pendulum. See 
ibid. § (2) (L). 

Measurement of, at sea, by Duffield’s 
method. See ibid. § (5) (ii.) (6). 
Measurement of, at sea, by hypsometer 
apparatus. See ibid. § (5) (ii.) (a). 
Measurement of, at sea, with a mercury 
manometer. See “ Barometers and Mano- 
meters,” § (22) (i.). 

Measurements of rates of change of. See 
“ Gravity Survey,” § (6). 

Gravity, Measure of. The law of universal 
gravitation states that every particle of 


matter attracts every other particle with a 
force which varies directly as the product 
of the two masses and inversely as the 
square of the distance between them. 

(i.) The constant of gravitation is the 
constant G in the law of attraction set out 
above, and is defined by the equation 


_ . , , , . '..mass x mass 

Force of attraction — G — (di ' gi y g — , 

G = 6*0570 x 10~ 8 cm. 3 /gs. 2 (Boys). 


(ii.) The acceleration of gravity is the 
acceleration produced in any body by the 
force of the earth’s attraction ; as actually 
measured the acceleration is that due to 
the earth’s attraction minus the centrifugal 
force of the earth’s rotation. 

Owing to the fact that the earth is not 
perfectly spherical in shape, but is more 
nearly a spheroid, and also on account of 
the variation with latitude of the centrifugal 
force of the earth’s rotation, and the 
irregularities in the density of the earth’s 
surface, the formulae giving the/ variation 
of g over the earth’s surface are complicated. 

A formula of the following form is given 
by Helmert : 1 


. _ -r, . „ / 2 h , 3 h 5 

g — A(l + Bsin <£)(l - -gr + gR A 


7/(3 - 6) 
2RA 



where <-/> is the latitude, R the mean radius 
of the earth, h = height above sea-level, 
hf = thickness of surface strata of low 
density, A = mean density of the earth. 
(5-6 x density of water), 8 = mean density 
of surface strata (2-8 x density of water), 
8 = actual density of the surface strata in 
the region, y — orographical correction due 
to neighbouring mountains. Assuming that 
8 = 9 and y is negligible, we obtain 

g= 978-03(1 + -005302 sin 2 ^3)^1 
g = 980-617(1 - -00265 cos 


where g = 978-03 is the value of gravity at 
sea-level at the equator and 980-617 in 
latitude 45°. 

Putting R = 6-37 x 10° metres, 

<7 = 980-617(1 - -00265 cos 2</>)(l - 1-96 x 10 -7*), 
where h is in metres. 

In British units, putting R = 2-09 x 10 7 feet, 
<7 = 32-172(1 - -00265 cos 20)(1 - 5-97 x 10“ 8 A), 
where h is in feet. 

The above formula applies to places on the 
earth’s surface at different heights above 
sea-level, and takes account of the additional 
attraction of the high ground ; for points 
at some distance above the earth’s surface 
the factor R 2 /(R-!- 7i) 2 = 1/(1 -f Tij R) 2 , which is 
approximately equal to 1 — 2/</R if 7J./R is 
small, replaces 1 - 57t/4R. 


1 Helmert, Ency . der math . Wissenschajt , Bd. vi. 
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(iii.) Centrifugal Force of the Earth's 
JRotation . — On account of the rotation of 
the earth the acceleration produced in any 
body is the resultant of the acceleration 
produced by the gravitational attraction of 
the earth, and the acceleration produced by 
the centrifugal force of the rotation. This 
latter component is equal to -rw a , where r 
is the distance from the axis of rotation, 
and is equal to R cos <p ; w is the angular 
velocity. 

At the equator R = 6-37xl0 8 cm., and 
since w = 7-292 x 10 -B , 

Rw 2 = 3-39 cm./s. 2 , 

hence for latitude <p the value of g is 
diminished by R« a cos cp, i.e. by 3-39 cos <p 
cm./s. 2 , on account of the rotation of the 
earth. SeeVol. I. “Measurement, Units of.” 

GRAVITY SURVEY 

(The Arabic numbers in the text enclosed in 
brackets refer to the Bibliography at the end.) 

§ (1) Introd uc.tory. — The primary object of a 
gravity survey is to obtain values of the force 
and direction of gravity at various points of 
the sea-level surface. The secondary object is 
to make deductions from such results as to the 
distribution of matter in the earth, thereby 
throwing light on the structure and internal 
condition of the earth. This secondary 
object makes the inquiry of interest not only 
to geodesists hut also to geologists and miners. 

Observations in most cases are made at 
stations above the sea - level surface, and 
accordingly require to be reduced to this 
level. The sea-level surface is that surface 
which would bound the ocean if no tidal 
action were in force. The ocean may for this 
purpose be imagined to be continued to any 
part of the earth by means of deep canals ; 
whereby the term “ sea-level ” has a meaning 
all over the earth. This surface is generally 
designated by the word “ geoid.”. 

The form of the geoid has been shown by 
geodetical measurements to be not very 
different from a spheroid of revolution about 
the minor axis, that is an oblate spheroid. 
So, if a spheroid is selected to approximate 
as closely as may be to the geoid, the separation 
of geoid and spheroid at any point is a quantity 
which is small compared with the axes of the 
spheroid, the ratio of the two quantities 
possibly never being so great as 1/50,000. 
There is, however, no actual proof that the 
separation does not exceed this amount. At 
all events the separation has various effects 
in geodetical problems, and is sufficiently large 
readily to admit of measurement. 

The geoid, being a level surface, is obviously 
orthogonal to the direction of gravity, and in 
fact completely defines the direction of gravity 
at its level. The determination of the form of 


the geoid is one main division of a gravity 
survey,' the other division being the deter- 
mination of the force or intensity of gravity. 

I. The Intensity of the Eobce 
of Gravity 

§ (2) The Measurement of Gravity, (i.) 
The Pendulum . — The pendulum has long been 
recognised as a very precise instrument for 
finding the force of gravity; and most of the 
accumulated data of gravity intensity are 
due to it. If a particle is suspended by an 
ideal thread of no mass of length l and set 
swinging through a small arc 2a, the time 1 of 
a double oscillation is very approximately 
2-n- -1- (a 2 /16)). This arrangement is 
the so-called “simple pendulum.” When 
it is replaced in vacuo by an actual material 
pendulum or “ compound pendulum ” the 
same formula holds if for l is substituted 
K/Ma, K being the moment of inertia of 
the pendulum about the axis of rotation, 
a the distance of the centre of gravity from 
the axis of rotation, and M the mass. In 
other words, l is the radius of gyration 
about the axis of rotation or the “ reduced 
length ” of the compound pendulum. The 
point on the line through the axis of rotation 
and the C.G. of the pendulum at a distance 
Z from the former is called the “ centre of 
oscillation.” To determine its position for 
an actual pendulum is a matter of great 
difficulty when the necessary high precision 
is sought. Though the pendulum may be 
made very true to figure, slight variations in 
density displace the position of the centre of 
oscillation, and a precise measure — say to 
1 in 10® — of the length l can hardly bo obtained 
directly. In the earlier work of the nineteenth 
century this led to the introduction of “ Kater’s 
reversible pendulum.” This was a pendulum 
fitted with two sets of knife edges, the second 
being arranged near to the centre of oscillation. 
A property of the pendulum is that its time 
of swing is the same whether suspended at the 
axis of rotation or at the axis of oscillation. 
In Kater’s pendulum, a small adjustable 
weight made it possible to obtain closely 
equal times of swing when it was suspended 
from either knife edges; and when this was 
achieved the length l was simply the distance 
between the knife edges, which was susceptible 
of direct precise measurement. 

In modern gravity surveys it is not 
customary to use a reversible pendulum. The 
absolute length Z of the equivalent simple 
pendulum is only required for an absolute 
determination of gravity. Relative values 
of gravity may be found’ by swinging a pen- 
dulum, for which Z is only approximately 
known, at a standard base station ; and then 

1 See “ Clocks and Time-keeping,” § (4). 
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results at any other station become expressible 
in terms of this standard. The absolute 
value at the base may be determined by a 
special research* 

(ii.) Corrections . — In the practical case the 
pendulum swings in air, and corrections for the 
buoyancy of the air, as well as its viscosity, 
are necessary. Further, the equivalent length 
l varies when the temperature changes, and 
it is essential to have a good determination of 
the temperature of the pendulum itself. A 
further correction, due to the yielding of the 
stand, called the “ flexure correction, 55 was not 
taken into account in earlier work. Even 
with a very rigid stand the lateral pull of the 
pendulum as it swings is sufficient to set up 
small oscillations in the stand, and this raises 
the position of the instantaneous centre of 
rotation and so alters the time of swing. The 
results of the early observations in India, 
made by Captains Basevi and Heaviside 
between 1865 and 1874, in which no measure 
of the flexure was made, as well as other 
observations of the same and earlier dates, on 
this account are burdened with an appreci- 
able error, which cannot now he accurately 
estimated ; so that th© precision of these early 
results is much impaired. 

(iil ) The Indian Survey Apparatus . — 
It is impossible to describe in the present 
article details of all modern pendulum equip- 
ments, and for these reference must be made 
to the publications of the Survey Depart- 
ments which use them. The modem 
apparatus, in use in India since 1904, exhibits 
the main features of modem practice. A 
long series of observations were made with 
this in 1903 at Kew and Greenwich. All 
subsequent observations in India are thus 
related to Kew as primary base; while, in 
India, Dehra Dun serves the purpose of a 
secondary base, observed at both at the 
beginning and end of each season. Pendulums 
brought to India by continental observers 
have strengthened the relation between Indian 
and European bases. It may be said in 
general explanation that the usual method 
is to determine the difference of time of swing 
of a free pendulum and that of a clock pen- 
dulum by the method of coincidences ; while 
the rate of the clock is determined by nightly 
star observations. The following description of 
the Indian apparatus is taken from Sir Gerald 
Lenox Conyngham’s account (3, No. 10). 

The apparatus (see Plate I.) was made by 33. 
Schneider of Vienna after Colonel von Sterneck’s 
design. The pendulums are four in number, all of 
precisely similar appearance and very nearly equal 
times of vibration. Their numbers are 137, 138, 
139, and 140. They are made of brass heavily 
gilded, and have agate edges on which to vibrate ; 
each has a small vertical mirror securely fastened to 
its head just above the line of these edges. 


The stand on which the pendulums hang during 
the observation is solidly mad© of brass in the form 
of a truncated cone with three large apertures in 
the conical surface. It rests on three footscrews 
which are capable of being firmly clamped. The 
stand carries a highly polished agate piano for the 
reception of the agate edges. 

This plane is pierced by an oblong hoi© through 
which the head of the pendulum which is to be 
suspended is passed from underneath ; after passage 
the pendulum is turned through a right angle so that 
the knife edge bridging the hole rests on the agate 
surface. In order to avoid accidental injury to the 
agates, such as might happen if the edges had to be 
placed on the plane by hand, the edges are divided 
into two portions, inner and outer, and stirrups are 
provided on which the operator places the latter in 
the first instance ; then by the action of a slow 
motion screw the stirrups are gently lowered from 
under the edges until the inner or true portions rest 
on the plane, the outer being entirely free. 

In the base of the stand a lever is provided for 
starting the oscillation of the pendulum. It has an 
adjusting screw so that an oscillation of any desired 
amplitude can be imparted. 

The pendulums swing in air at the natural pressure, 
but are protected by a cover from, draughts. 

The flash-box constitutes the other essential part 
of the equipment.. It contains a contrivance where- 
by a shutter, moving up and down under the control 
of a break-circuit clock, allows a flash of light to pass 
through a slit at every beat or every alternate beat. 
This flash of light is reflected by the mirror on the 
vibrating pendulum into a small telescope fixed on 
the top of the flash- box ; the times at which the 
flash passes the horizontal wire in the field of the 
telescope correspond to the coincidences of the free 
pendulum with the clock pendulum ; the intervals 
between such passages are therefore the coincidence 
intervals of the pendulums. 

The coincidence interval c of each of the pendulums 
under discussion with that of a sidereal clock is about 
35 seconds. This is connected with th© time of 
vibration s by the equation 

a =e/(2c-~ I). 

If c=35 sec., <?== 0-507 sec. approximately. 

On the front of the flash-box there is a porcelain 
scale graduated into divisions of 3 mm. By observing 
the reflection of this scale in the pendulum mirror 
and noting how many divisions pass over the central 
wire of the telescope as the pendulum vibrates, the 
amplitude of the vibration is determined, when, the 
distance between the mirror and the scale is known. 
A convenient distance is about 2 metres and a 
convenient initial amplitude (semi-arc) of vibration 
is from 12 minutes to 20 minutes. 

Besides the pendulum apparatus the equipment 
includes a clock with a half- seconds pendulum, 
specially designed for portability. It has a con- 
venient arrangement whereby the pendulum can be 
lifted from its bearings and clamped to the back of 
the case, so that it need not be taken oil for a journey. 
The pendulum, made by Richer of Munich, is of invar. 

The break- circuit arrangement consists of a light 
lever fixed to one side of the clock case which is 
lifted by a short arm on the pendulum as it approaches 
the end of its swing in that direction. The lever is 
adjustable so that the circuit may be broken for a 
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longer or shorter fraction of a second at will. The 
clock was made by Messrs. Strasser and Rohde of 
Glasshiitte. 

§ (3) Detailed Corrections. — Five cor- 
rections to observation results are required. 


reading, 7 the coefficient to reduce this to zero 
temperature, and e the pressure of aqueous 
vapour, then 

p T 0 p 0 B( 1 •+ yr)( 1 - 3/8 . 3e/8B) 
p ~ Pl % T ~ 760(1 H- -00367r) ’ 



Plate I. 


to reduce to (i.) a vacuum, (ii.) temperature 
0° C., (iii.) an infinitely small arc, (iv.) sidereal 
seconds on account of clock rate, (v.) a rigid 
pillar and stand (flexure). The unit in the 
correction to the time is in each case in the 
seventh place of decimals. 

(i.) Vacuum Correction . — This is proportional 
to p, the air density. If p 0 be the density at 
pressure 760 and temperature zero, T, T 0 the 
absolute temperatures, p, p 0 the pressures, 
t the temperature centigrade, B the barometer 


and the correction becomes 

~k' B(1 +tt)( 1 - 3/8 . 3e/8B) 

760(1 -1- • 00367 rj ; 

and 7c' is a coefficient depending on the shape, 
surface, etc., of the pendulum, determined ex- 
perimentally. The last quantity is found by 
swinging the pendulum simultaneously with 
a standard pendulum. Mean 7c' for the Indian 
pendulums is 600 with a probable error of 2 or 
3 per cent. 
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(ii.) Temperature Correction . — Reduction 
for the temperature of the pendulum is -&r, 
where h depends on the coefficient of expansion 
of the pendulum and r is its temperature C. 
The mean value of h is 49. The temperature of 
the pendulum itself — not that of the surround- 
ing air — is what is required. On this account 
Sir Gerald Lenox Conyngham introduced a 
“ dummy pendulum ” exactly like the actual 
pendulums except that its stem was bored to 
admit a thermometer, which always remained 
in position. This dummy is kept in the 
same chamber as the other pendulums, and 
the temperatures of all are assumed identical. 
On account of the magnitude of the tempera- 
ture correction, it has hitherto been found 
unsatisfactory to observe in a tent, for even 
when this has double walls large fluctuations 
of temperature occur. Observations have 
accordingly always been made in a room ; and 
this restricts the choice of stations. 

Conyngham suggested the use of an invar 
pendulum ; but this did not go further at the 
time, as it was objected that the magnetic 
properties of invar would render it affected 
by the earth’s magnetic field. Since that date 
invar pendulums have been used successfully 
both in America and Germany ; the magnetic 
difficulties have been found to be trifling. 

Conyngham has also employed quartz, a 
material with a minute coefficient of expan- 
sion, but found the pendulum too light to be 
satisfactory. 

H. Nagaoka considered the question of in- 
variable pendulums in 1919 (15). He made 
an elaborate comparison of the suitability 
of various materials available for the con- 
struction of invariable pendulums. For this 
purpose, on account of its properties, tungsten 
is strongly recommended. The physical con- 
stants of tungsten are given, and it is shown 
that the pendulum could be entirely constructed 
of tungsten. The advantage of having every 
part of the same material is considerable. 


The points emphasised are the high density, 
low thermal expansibility, also the great hard- 
ness and chemical resistance of tungsten. 

(iii.) Reduction to Small Arc.— This is simply 
— safi/l 6, where s is the observed time of vibra- 
tion and a the semi-arc in circular measure. 
The mean a during the observation may be 
used with sufficient accuracy. 

(iv.) Time Correction . — Since the time of 
vibration is nearly 0*507 second, reduction (iv.) 
on account of a clock rate of 1 sec. per diem is 
0-507/86400-58*7. 10“ 7 seconds. 

(v.) Rigidity Correction . — Reduction to a 
rigid pillar. When a pendulum swings it 
gradually sets up an oscillation in the stand 
supporting it ; in other words, the knife edges 
of the pendulum and the portion of the stand 
on which they bear have a small lateral 
movement. This has the effect of raising the 
geometrical axis of rotation, and increasing 
the effective length of the pendulum. If an 
auxiliary pendulum of equal period is suspended 
on the stand, with its knife edges parallel to 
those of the first pendulum, an oscillation is set 
up in it, and by measuring the rate of growth 
of this oscillation, a measure of the flexure 
of the stand may be derived. Professor 
Schumann (see also Abetti (22)) of the Prussian 
Geodetic Institute investigated the relation, 
which may be reduced to 


ds = 


V^2 


±1 


* a K 
t r Wa-<i) 1U 


where s is the common time of vibration, 
and <p, \f/ are amplitudes of driven and driving 
pendulum, and K, K/ their moments of 
inertia. It is usual to observe <f > , \p at intervals 
of two minutes up to sixteen minutes from 
the start, when <f> is nearly zero. 

§ (4) Details or a Computation. — -The 
following computation example of one pen- 
dulum, swung at the Indian station Katni, 
will further illustrate the practical working 
of the observations and corrections ; 



Barometer. 

Hygrometer. 

Arc. 

Pendulum Thermometers. 

Time. 







In 

Dummy. 

In Air. 










H. 

T. 

Dry. 

Wet. 

Above. 

Below. 

No. 510. 

Tipper. 
No. 105368. 

Lower. 
No. 105365). 

h. m. 

mm. 

C. 

c. 

C. 






1 22 

731*2 

20-5 

21*2 

15-0 

8-7 

8.7 

20-20 

20*47 

20-45 

. . 

• • 

. . 

. . 

* . 

8d 

8 1 

20*20 

20*29 

20*32 


. . 

. . 

. . 

. * 

7*0 

6*9 

20-21 

20*31 

20*33 

. . 

731-5 

21-1 

21*4 

15*0 

6*7 

6*6 

20-23 

20*60 

20-60 

Mean — 

731-3 

20-8 

21-3 

15*0 

7-6 

7*6 

20-21 

20*42 

20-43 







Correction 

— 0*20 

-0-24 





Coincidences 

Corrected Mean 

20*22 

20-19 


2 i> 


VOL. TIT 
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No. 

Time. 


m. $. 

1 

29 32-0 

2 

30 5-4 

3 

39*8 

4 

31 13*3 

5 

47*3 

6 

32 21*8 

7 

55*0 

8 

33 28*6 

9 

34 2*7 

10 

36*0 

11 

35 10*0 

12 

43*2 




Density Correction— — fc'D. 
Jc' —594. 


1 760(1 4- *00367r) 

D~ B^l-GOOlCr) 


760 

g7(l-t--00383r) 


Dry bulb 21*3 

Wet bulb 15*0 

(1) — f e (from Chart I.) — 3*5 

(2) Barometer reading 731*3 

(3) Index correction —0*3 

B / = (l) + (2) + (3) 728 

Mean of pendulum ther- 
mometers in air = r 20*2 

(4) 104 

(5) — x -00383r 0-08 

(4) + (5)=~ 1-12 


Time. 20 

| m. 

$. 

3 

52-2 

4 

26*0 

5 

0*0 


33*8 

6 

7*6 


41*0 

7 

15-1 


49*0 

8 

22-9 


56-1 

9 

30-3 

1 10 

4-1 

Mean — 


Difference. 


Beraarks. 


34 20*25 


Temperature Correction 
= -&T. 

& = 49*0. 


Thermometer in 

dummy No. 516. 


*3*775 


Mean reading 

Correction 

Temperature 

=T 


20*21 
— 0*08 
20-13 


(t 2 

Arc Correction = 

n 2 

= -'‘ s x -0178. 


Total arc reading in 
scale of flash- box 

15-2 

(1 div. = 3 mm.) 


Distance in mm. from 
scale to pend, mirror 

2205 

Correction (from Chart 1 1. ) 

-9 

3 n , , . . 

— ;=tan (semi- arc) 

4 a 

*0051701 

Semi- arc = a (from Table 1) 

18 / 

( 


61c 

61 (2c—- 1) 
c 

* = 2cUl 


Observed Time of Vibration = 

2060*25 log 

4059*50 los 


2c — 1 


3-3139200 

3*6084725 


0*5075133 



Density 

Correction 

Temperature 

Correction 

Arc Correction 

^Flexure 

Correction 

Bate Correction 


Sum of correc- 
tions —C 


Tiie corrections arc all 
in units of the seventh 
decimal place. 


Corrected time of VibratiQn==S=.s+C 


0*5073381 


1 Correction =*= as rate is — . 

gaining 
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The usual programme at a field station 
is to swing each pendulum twice daily at 
twelve hours intervals, whereby any diurnal 
atmospheric variation is compensated. Each 
complete set of observations on one pendulum 
occupies about forty minutes ; and with the 
time spent in changing pendulums and allow- 
ing temperatures to steady, the observations 
on four pendulums occupy four hours. 
Observations usually extend over three days. 

§ (5) Othek Methods. — Methods of deter- 
mining the intensity of gravity, other than 
that of the pendulum, have been proposed. I 

(i.) Threlfall and Pollock. — In Threlfall 
and Pollock’s Gravity Balance (8) a quartz 
thread is mounted horizontally and is attached, 
at one end to a spring which takes up 
variation of tension, and at the other end 
to an axle which can be rotated, in line 
with the thread. At the centre of the thread 
and at right angles to it is attached a light 
rod or lever bearing a weight at a suitable 
distance from the thread. The quartz thread 
is given several complete twists and the weight 
on the rod is adjusted so that the rod is 
held in a horizontal position by the two 
balancing forces due to the torsion of the thread 
and the weight of the rod. If now the balance 
is removed to a place where the gravity force 
is different, the rod will not remain horizontal ; 
but it can be brought back into a horizontal 
position by twisting the thread, by means of 
the torsion head. When suitable allowance 
has been made for temperature change, the 
pressure having been kept constant, the 
angular twist of the torsion head gives a 
measure of the difference of gravity at the two 
places. 

The thread and the framework bearing it 
were kept in an air-tight enclosure, the torsion 
head being worked through a stuffing box 
contrived to be air-tight by means of mercury. 
The temperature was determined by a platinum 
wire thermometer placed beside the thread. 
It was estimated that various errors in deduced 
value of “ g ” were liable to amount to -003 
dyne ; and an error of *002 was to be 
expected. 

The advantages of such a balance are : 

(1 ) time observations are not necessary, so 
that cloudy skies do not delay the work ; 

(2) the observation can be completed in 
three hours, of which half is spent in packing 
and unpacking. Observations have to be 
made at times of maximum or minimum 
temperature, as a varying temperature vitiates 
the results. The complete equipment weighed 
226 lbs. 

The designers used the instrument in 
Australia prior to 1900 ; but nothing later 
has been published concerning it ; and it is 
understood that the difficulties of accurately 
allowing for temperature caused the precision 


of the balance to be considerably less than 
had been anticipated. 

(ii.) Measurements at Sea. (a) The Hypso- 
meter Apparatus . — Attempts have been made 
to determine gravity at sea. The underlying 
principles employed were (1) to compare the 
atmospheric pressure as given by a mercury 
barometer with that found by a hypsometer or 
aneroid ; (2) to observe the height of a sealed 
mercury barometer. In both cases a marine 
pattern barometer or one of special design 
is used to reduce to the smallest amount the 
“ pumping ” of the mercury caused by the 
ship’s motion. In the first case the mercury 
barometer reading varies with “gr,” while the 
hypsometer gives the absolute air-pressure. 
In the second case, the weight of the mercury 
which varies as “ g ” is balanced against a 
constant mass of air, whose pressure can be 
computed. 

Dr. Hecker of the Prussian Geodetic In- 
stitute began observations with the hypso- 
meter apparatus early in this century, and 
published results for the Atlantic, Indian, 
and Pacific Oceans, and the Black Sea be- 
tween 1903 and 1910 (9). Great trouble was 
experienced as a result of the ship’s oscillatory 
motion, which caused excessive “ pumping ” 
in the mercury barometers ; and it may be 
said at once that the results obtained cannot 
be relied on. The barometers differed from 
the ordinary land pattern in having a capillary 
stricture in the centre portion of the main 
tube. Each side of the capillary portion the 
bore was reduced to a diameter of 1 mm., 
and only the upper and lower extremities 
were of customary bore. In the lower portion 
an air trap was introduced to prevent the 
access of air bubbles into the capillary. In 
this way “pumping” was to some extent 
overcome. 

The hypsometer thermometers gave trouble 
owing to variability i*esulting, in Hecker’s 
opinion, from the repeated boiling for con- 
siderable periods to which they were subjected. 
The value of the work lies in the experience 
gained rather than the values of “ g ” obtained. 

(b) Dr. DuJJield's Method.— In 1914 the 
British Association visited Axistralia. Dr. 
Duffield took the opportunity afforded to 
attempt some determinations of gravity at 
sea on the voyages out and home. He 
took with him three apparatuses, in one 
of which Hecker’s hypsometers were replaced 
by aneroid barometers ; while of the other 
two both used the principle of balancing the 
weight of a column of mercury against the 
pressure of a constant mass of air, one being 
of Duffield’s and the other of Hecker’s design. 
Duffield has communicated his experiences 
with his own apparatus to the Royal Society ; 
and he has written of the other two in the 
Report of the British Association (10 (a), 11). 
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Further reference here will be restricted to 
Duffield’s oto apparatus, from which the most 
promising results were obtained. Duffield does 
not consider even these results as entirely 
satisfactory; but they are undoubtedly an 
advance on any previous work. 

The use of a sealed mercury barometer had 
been made, but without much success, by 

Mascart on land in 
1882. Duffield’s ap- 
paratus was in an 
experimental stage in 
1914 when it was 
taken to Australia 
and back. In his 
paper Dr. Duffield 
says : “A constant 
volume of air was 
maintained in the 
bulb B (see Fig. 1) 
by keeping the mer- 
cury always up to the 
pointer C. The air in 
the bulb was under 
reduced pressure in 
order to keep the ap- 
paratus within reason- 
able dimensions. The 
barometer tube was 
bent so that H was 
vertically over C, the 
length of the column 
of mercury HC being 
approximately 20 cm. 
The level was kept at 
C by raising or lower- 
ing the level of the 
mercury in the index 
tube D, which was of 
fine bore; an opera- 
tion which was effected 
by means of an ex- 
haust pump. It was 
from the reading of 
the level of the mer- 
cury in this tube, when 
contact was made with 
the pointer C, that 
the value of gravity 
was calculated. The 
other side tube E was 
of wider bore, and was used only for making 
the initial adjustment at the beginning of the 
voyage. It was introduced on account of 
the great difficulty of correctly adjusting the 
amount of mercury in the apparatus, and to 
enable it to be used for various ranges of 

temperature.” Contact of mercury with 

pointer C was revealed by a telephone and 

trembler in a circuit which was closed there- 
by. A temperature compensation device, due 
to Mr. Horace Darwin, in which the size 
of the reservoir is chosen to make the total 


volume v of mercury contained such that its 
rise at H, due to a change of temperature — 
constant level at C and D being maintained — 
will just balance the increase of pressure of the 
air in B, due to the same rise in temperature. 
In symbols this implies the condition av=ahT, 
where a is the dilatation coefficient of mercury, 
v is the total volume of mercury, a is area of 
cross-section of barometer tube at H, and h 
is the height of the mercury surface at H 
above that at C. This device makes an 
absolute compensation at one temperature 
only, but gives a considerable compensation 
also for temperatures not widely different. 

It appears that contact at 0 could be gauged 
with precision of *002 mm., corresponding to a 
precision in “ g ” of 1 in 10 ~ 5 or 0-01 dyne. 
Tn the index tube D a change of level of 1 mm. 
corresponded to Agr=0-05S dyne. Capillary 
tubes, indicated in the diagram, were intro- 
duced to prevent “ pumping ” due to ship’s 
motion. Readings made to evaluate the 
error due to the viscosity of the mercury in 
these capillaries suggest that this, combined 
with errors of contact, vibration, and tempera- 
ture, would not exceed 0-01 dyne. The whole 
apparatus was immersed in a tank fitted with 
suitable windows, etc., and filled with water ; 
and the tank was suspended by cords in the 
refrigerator rooms of the ships on which the 
apparatus was tested. 

(iii.) Correction . — There is a correction to all 
readings with mercury barometers, whether 
sealed or open to the air, on account of the ship’s 
motion in longitude. This, due to change in 
the centrifugal force, is given by the expression 
2eav cos X sin a, where w is the earth’s angular 
velocity, u is the speed of the ship, X is the 
latitude, and a is the deviation of the ship’s 
course from true north or south. This amounts 
to about 0-05 millibar per knot at latitude 50°. 
The reality of this correction has been experi- 
mentally verified by Duffield on the destroyer 
Plucky in the English Channel. 

In a paper (10 (6)) in Proc. Roy. Soc., 
Professor Sir Arthur Schuster discusses mathe- 
matically the effects of oscillation due to 
ship’s rolling and pitching and vertical motion. 
In this paper certain relations between 
cross - section and lengths of the various 
tubes are deduced, which would cause such 
effects to be a minimum. Schuster estimates 
the probable error of a determination, and 
with certain selected dimensions he finds the 
error in A gjg as great as 1-4. 10 due to 
a vertical oscillation of the ship of amplitude 
1 metre. 

§ (6) Measurements oe the Rates of 
Change of Gravity. — An apparatus of type 
entirely different from any so far described 
is the gravity balance of Baron Eotvos (see 
Fig. 2 and Plate II.). This is a torsion 
balance in which a horizontal tubular beam 
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Is supported by a pjatmum wire from a torsion 
head. A mirror is attached to the beam* 
which reflects a 
spot of light for 
reading purposes. 

At one end of 
the beam a plati- 
num cylinder Is 
inserted in the 
tube, while at 
the other end a 
second platinum 

cylinder is either hung by a thread 
whose length can he varied, or else 
inserted in the tube. If U is the 
potential of the gravitational forces, 

K. the moment of inertia of the 
suspended system, m the mass of the 
platinum cylinder suspended at the 
end of a thread of length l 9 h 
the distance of the thread from the 
torsion axis, and a the azimuthal 
angle of the beam from the &-axis; 
and further, if 6 is the angle of torsion 
and r the torsion constant of the platinum 
wire, the axes of x and y being horizontal, 
that of z vertical, then (7 (a)) 

3 ‘ u 


m 


T\dy 2 


dx* ) 

mhl 3 2 U 


dxc y 


cos 2a 


mhl 3 2 U 

~ sin a 4- • cos a. 

dxdz t dydz 


By altering the quantities a and h it is possible 
to determine the four quantities 

/3 2 U 3HJ\ _cTO a^CJ S 2 U 
\ dy 2 3a: 2 / * dxdy’ dxdz ’ dydz’ 
either by observing the positions of static 
equilibrium or by observing the times of 
oscillation about such positions. Instru- 
mental constants to he determined are m, h, l, 
K /t, and v. The first three can be found 
by direct measurement ; K/r is equal to 
(T 2 + T /2 )/2ir 2 , where T and T' are times of 
oscillation of the instrument, with 1—0, about 
two positions for which a and a' differ by 90°. 
The last quantity r is found by means of the 
Cavendish experiment, in which a leaden 
globe of known size and form is introduced 
and the resulting deflections are noted. 

The four quantities determined by the 
torsion balance are related to intensity of 
gravity, “ <7,” and the principal radii of 
curvature p x and p 2 as follows : 


where A is the angle between the plane of 
principal curvature and the plane xz. 

The sensitivity of this torsion balance is 
very remarkable. The order of values of 
the four quantities which are determined is 
I -10“ 7 C.G.S., while the differences obtained 
in measuring them repeatedly rarely reaches 
1-10“®;. so that a mean, probably correct to 
I *10 ~ 10 can usually be obtained. 

The instrument is shielded from radiation 
effects by a triple case, and observations out 
of doors can only be made satisfactorily during 
hours of darkness. It will be clear that 
objects close to the instrument have an 
appreciable effect on its readings, and it is 
necessary to select a site free from very near 
irregularities or else to compute their effect. 
Baron Eotvos calls this the “ terrain effect ” ; 
he also considers the topographic effect with 
reference to a given set of charts show- 
ing the topography. Using a given fg; 



Plate II. 


1 

Pi 


dg_d*V dg _3 2 U^ 

dx dxdz dy dydz 

1 _ _ 1 / 3 2 U 8 2 U\ 

Pz ~ 9\ dy* dx* ) 


sec 2X, 


tan2X = 


3 2 U 

^dxdy 

dy z dx 2 


spheroid and a corresponding formula for “ <7,” 
it is possible to find out how much of the 
observed values are natural results of the 
spheroid ; and removing these, as well as 
the terrain and topographic effects, residuals 
may be formed, which must be attributed 
to underground irregularities of density. 

Without going into that aspect of the results, 
but stopping with the removal of the terrain 
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effect, it is possible to determine the form 
of tbe geoid or level surface above it ; but 
for this supplementary observations have to 
be made with the pendulum. 

The instrument seems to be admirably 
adapted for detail survey of a district in which 
rapid variations of gravity occur. As applied 
to find anomalies of crustal density it should 
be especially useful. Tor actual results 
reference must be made to Baron Eotvos’ 
articles (7 (a), 17). 

II. The Direction of the Force of 
Gravity 

§ (7) The Reference Spheroid. — As ex- 
plained in the introduction, gravity at sea-level 
acts in a direction normal to the level surface 
which is called the geoid. The geoid has been 
shown to approximate in form to an oblate 
spheroid; but it exhibits irregularities with 
regard to any spheroid selected, which may be 
revealed by suitable observations. Any point 
may be chosen as a starting-point or origin for 
a geodetic survey, and at this point star obser- 
vations can be made for latitude and azimuth, 
while the longitude may be decided in relation 
to any other point on the earth — usually Green- 
wich — which is selected as the zero for longi- 
tude. These values may be called astronomic, 
and it is possible to assume that the geodetic 
values of the origin are the same ; or, from 
other considerations which will be more easily 
understood later on, to assign small differences 
between the astronomic and geodetic values 
at the origin. Put otherwise, the reference 
spheroid for any survey may be placed so as 
to be parallel to the geoid at the origin, or so 
as to be slightly inclined to it. In the latter 
case the inclination of the spheroid to the 
geoid is defined by the azimuth of the plane 
containing the two normals and the angle 
between the normals to the two surfaces, and 
the components of this angle in meridian and 
prime vertical are the “ plumb-line deflections ” 
in these two directions. These deflections 
will not ordinarily exceed a few seconds of arc 
if, as is generally the case, the origin is taken 
at a place where there is no reason to expect 
large irregularities in the form of the geoid. 

(i.) Measurement of Position of Point of Ob- 
servation. — Now suppose triangulation, emanat- 
ing from a carefully measured base, is executed 
in the neighbourhood of the origin, the origin 
being connected with this triangulation. It 
is possible to apply this triangulation to the 
spheroid, if suitable small reductions are 
applied which depend on the tilt of geoid 
to spheroid. It is to be remembered that a 
theodolite, when set up and carefully levelled, 
has its vertical axis coincident with the normal 
to the geoid. The direction of the normal to 
the spheroid is a matter of choice, and, strictly 


speaking, the spheroid is .purely a reference 
figure, introduced for convenience of calculation 
and expression of results. When observations 
have been reduced to the spheroid — in hori- 
zontal angles the correction is usually very 
minute and has generally been ignored, 
though this cannot be fully justified in all 
cases — calculation may be proceeded with, 
based on formulae derived from the geometry 
of the spheroid. In this way the latitudes and 
longitudes of all points fixed by the triangula- 
tion can be determined, and these are generally 
called the geodetic latitudes and longitudes 
of the points concerned. If astronomic ob- 
servations, the same as made at the origin, 
are made at any of these further points, 
their astronomic latitudes and longitudes may 
be found. The astronomic and geodetic 
values will show a small difference, and this 
difference will vary from point to point, thus 
indicating irregularities of the geoid. 

(ii.) Measurement of Height of Point of Ob- 
servation . — It remains to refer to the height. 
Here again the geoidal and spheroidal heights, 
at the origin, may be regarded as identical or 
but slightly different. In practice the origin 
of the survey, being an actual point on the 
earth, will be above the geoid ; and its height 
above the geoid will have been determined by 
spirit-levelling operations between some tidal 
station, where mean sea -level has been deter- 
mined, and the origin. It has been customary 
to assume that this height is the same at the 
origin, reckoned either from spheroid or 
geoid — which is tantamount to saying that the 
geoid and spheroid either cut or touch on the 
vertical through the origin. This is a perfectly 
proper assumption to make until further 
considerations show cause for a different 
assumption ; but it is not to be forgotten 
that thereby the position of the spheroid is 
restricted, and that after the choice has been 
made at one point it cannot be made again 
elsewhere in the same survey. The spheroid 
so selected as regards height and deflections 
at the origin of one survey is not identically 
placed with a spheroid of the same dimensions 
selected in the same way for a disconnected 
survey. 

As the normals to spheroid and geoid are 
slightly different, variably so from point to 
point, it is clear that the two surfaces separate 
one from the other, the amount of separation 
sometimes increasing and sometimes diminish- 
ing. When in the course of triangulation 
the angular altitudes of surrounding stations 
are observed, these altitudes may be put in 
terms of the spheroid by applying reductions 
for (a) plumb-line deflection; (6) atmospheric 
refraction. 1 The deduction of the height of 
such points above the spheroid then becomes 


1 See article “ Trigonometrical 
Terrestrial Atmospheric Itefraction.” 


Heights 


and 
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a matter of simple computation. If also 
spirit -levelling connects the several points, 
their height from the geoid becomes known ; 
for spirit-levelling, in virtue of the shortness 
of the shots and the constant setting up of the 
instrument levelled in terms of the geoid, 
clearly yields geoidal heights. The difference 
Of geoidal and spheroidal heights of the same 
point is a direct measure of the separation 
of the geoid from the reference spheroid, and 
thus defines the form of the geoid. When 
the form of the geoid is known, the direction 
of gravity, which is normal to the geoid, is 
also known. 

It will be seen that to investigate fully the 
direction of gravity the form of the geoid must 
be found ; but the direction of gravity at 
selected points may be obtained by suitable 
astronomical observations, combined with 
properly reduced triangulation connecting the 
points with the origin of the survey. If all 
observations were free from error, deflections 
in prime vertical would be equally well given 
by observations either for longitude or azimuth. 
In practice azimuthal error develops in triangu- 
lation ; and so it is proper to observe at some 
stations for both longitude and azimuth, 
whereby the station becomes what is called 
a “ Laplace point,” and the longitude result 
yields a means of correcting the azimuthal 
error of triangulation. 

The necessary work, apart from triangula- 
tion itself, accordingly includes astronomic 
observations for (1) latitude, (2) longitude, 

(3) azimuth. 

§ (8) Determination of Latitude. — 
The most precise observations for latitude 
are : 

(i.) Talcott method, with zenith telescope 
(in meridian). 

(ii.) Prismatic Astrolabe method (out of 
meridian). 

Either method is susceptible of great accuracy. 
The first has been in use for many years, 
the second is a recent development. Both 
methods avoid readings of the vertical angles 
and the attendant errors due to graduation 
imperfection ; further, refraction effects cancel 
out to a large extent, if the refraction may be 
regarded as independent of azimuth. 

(i.) Talcott Method . — This depends on the 
construction of a star programme in which 
the stars are selected in pairs, one north and 
one south of the zenith, and of nearly equal 
zenith distance at time of meridian transit. 
The times of transit must be reasonably close 
together, as both stars of a pair have to be 
observed before another pair can be dealt 
with. Their zenith distances must be suffi- 
ciently nearly equal that the stars can appear 
in the field, though not at its centre, when 
the telescope is set with their mean zenith 
distance. 


The instrument used is called a zenith 
telescope. It is provided with a vertical 
circle which is used only for setting. Two 
sensitive levels are attached to the vertical 
circle reading verniers. Thp verniers are set 
to the mean zenith distance, and the telescope 
swung round till the bubbles float, and then 
turned in azimuth into the meridian, either 
north or south according as the first star of the 
pair is north or south. When the star appears 
it is intersected by a wire which is traversed in 
altitude by a micrometer screw, whose read- 
ing is booked as the star crosses the vertical 
wire ; the levels are also read. The telescope 
is then turned through 180° in azimuth, and 
the second star observed in the same way. 
These meridian settings are made by bringing 
the instrument against one of two stops, 
which are previously adjusted to agree with 
the meridian. There is no need to read the 
vertical circle, which is the same for two 
stars of a pair. But it is necessary to know 
the value of the eye -piece micrometer, as well 
as of the level scales. Both these quantities 
cancel out to a great extent in the mean of a 
large number of pairs. 

To fix the azimuthal stops in their proper 
positions a referring mark at a convenient 
distance is set up prior to the observations. 
In addition, azimuth is observed nightly by 
means of timing the transit of a circumpolar 
star, from which azimuthal deviation may 
be computed. Time is determined by means 
of transits of a few stars of small zenith 
distance, while for collimation one or more 
stars of zenith distance less than 1 ° are 
observed on both faces. The following 
general rules are followed : 

(1) Z.D. of a latitude star should not exceed 

40°. 

(2) The difference of Z.D.’s of a pair should 

not exceed 40'. 

(3) The interval in R.A. between two stars 

of a pair should not be less than one 
minute nor greater than twenty 
minutes. 

(4) The interval between the second star 

of one pair and the first of the next 
pair should not be less than one and 
a half minutes. 

(5) No star should be smaller than seventh 

magnitude ; first and second magni- 
tude stars should be avoided. 

The general principle of the Talcott method 
is illustrated by the formulae 

0-£- g = S g , 

e f 3 ~t. n “^ n » 

whence <p — -f- 

2 2 

where <fi is the latitude of the station, <r 8 
are the Z.D.’s of a pair of north and south 
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stars, whose declinations are 5 N , 5g. It will 
be at once apparent that — tut) is immedi- 
ately deducible from the micrometer eye -piece 
readings, dislevelment, as indicated by the 
levels, being duly allowed for. 

It is necessary also to determine the inclina- 
tion of the transit axis to the horizontal, and 
for this a striding level is used. If W v W 2 , 
and E x , E 2 are the level readings of the western 
and eastern ends, when the level is placed 
on the transit axis and reversed, the inclina- 
tion i — (W x +W 2 -E x -E 2 )(«/4), n being the 
value in seconds of one division of the bubble. 
The correction to the time of transit of a star 
is i/15 cos fsec d, where f is the zenith distance 
and d the north polar distance. The deviation 
of the instrument is allowed for in computing 
the distance from the meridian at which the 
star was observed; for this must also be 
known chronometer error, collimation and 
inclination. Collimation error in azimuth 
has therefore to be determined. 

(ii.) Latitude- by Prismatic Astrolabe. — A 
description of this instrument is given, § (9) 
(lii.). By its means latitude and time are 
simultaneously determined. 

§ (9) Determination of Longitude. — 
Longitude observations all depend on the 
accurate determination of local time. Time 
may be found by 

(i.) Timing of star meridian transits. 

(ii.) Observing time at which east and west 
stars are at a known altitude, this 
altitude being observed. 

(iii.) Using the Prismatic Astrolabe in 
method (2), the altitude then being 
very approximately 60°. 

(i.) Meridian Transits . — The usual transit 
instrument is a telescope with bent eye -piece, 
set up approximately in the meridian. It 
is equipped with an arrangement by which 
it may be swung round 180° in azimuth, by 
lifting the telescope off its Y bearings and 
replacing it thereon after reversal. In the 
usual type the eye-piece has three groups of 
vertical cross-lines. A, B, C, each containing 
some five lines. The plan of the observation 
is to observe the time at which a star crosses 
each of the wires of group A, when the 
instrument is face west (or east), and, after 
turning through 180°, observing the time at 
which the same star crosses the same wires, 
the instrument now being face east (or west). 
The mean of these observations is clearly 
free from collimation error. Timing is usually 
done by means of a tappet in circuit with a 
chronograph, and so all the instants of transit 
are recorded graphically. 

An alternative device is to have a micrometer 
eye -piece which is traversed so that the star 
remains intersected for some moments, and 
suitable electric contacts in the micrometer 
(12 (e), p. 10) cause a record on the chrono- 


graph at the instant the star reaches certain 
definite positions. If the same observations 
are made with instrument reversed the mean 
of the results is obviously reduced to a centre 
position free from collimation error. 

Errors of adjustment of the instrument, alike 
as regards horizontality of the transit axis, 
perpendicularity of this to the line of collima- 
tion, and deviation of the line of collimation 
from the meridian, usually exist. The second 
of these has an effect which cancels in the 
means of observations face west and face east. 
The first may be determined either by striding 
level or by a method o f auto -collimation in 
which the cross - lines and their image by 
reflection in a mercury bath (when the instru- 
ment is pointed to the nadir) are observed, and 
the discrepancy of position of a line and its 
image are measured, in the two azimuthal posi- 
tions of the instrument. The deviation error is 
determined by observations to azimuth stars 
of large zenith distance, whose time of transit 
is noted. The time stars are chosen of as small 
zenith distance as possible, when the deviation 
error has a minimum effect. 

So far the determination of local time has 
been dealt with. To find the longitude it 
is necessary to find the local time of some 
occurrence which is observable at both ends 
of the longitude arc. Formerly this was 
arranged for by sending a group of signals 
from one end of the arc to the other by means 
of electric telegraph. These were duly re- 
corded on the same chronograph as the local 
time observations, whereby the local time of 
the signals was recorded. More recently 
arcs have been measured with the help of 
wireless telegraphy. This has very much 
widened the scope of the observation, as it 
is no longer necessary for a longitude station 
to be in the vicinity of a telegraph office. In 
general, stations of principal triangulation 
and telegraph offices are not closely situated, 
and connection by triangulation is not easy. 

Quite recently, with the introduction of 
thermionic valves into wireless apparatus and 
the corresponding increase of the range at 
which signals can be perceived by a portable 
field equipment, a still further advance 
appears feasible. Observations of the daily 
time signals sent out from one of the large 
stations such as Eiffel Tower, Nauen, New 
York, etc., may be made at most parts of the 
globe, and combined with local time observa- 
tions should suffice to determine the longitude 
of the place, relative to the emitting station. 
This presumes that the time signals are very 
precise, which is understood to be the case. 

(ii. ) East and W est Etars. — The time 
may be found with considerable precision 
from observations of the altitudes of a number 
of east and west stars and the chronometer 
times corresponding to these altitudes. The 
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stars should b© selected in pairs, one east and 
one west, placed symmetrically with respect 
to the meridian. This method would not be 
employed if a transit instrument were available, 
but can. be carried out with a theodolite. The 
vertical circle has to be read, and any gradua- 
tion error in it introduces an error into the 
deduced time. 

(in. ) Prismatic Astrolabe . — This instru- 
ment was invented by MM. Claude and 
Driencourt and is made by M. Jobin of Paris, 
in three sizes. The writer has not seen any 
account of the actual field performance of the 
two larger size instruments ; but even the 
smallest gives excellent results. The follow- 
ing description is taken from Dr. Rail’s 
handbook (16 (a), '(&)) : 

The essential features of the instrument are shown 
diagrammatically in Fig, 3. An equilateral glass 



prism, B, is placed in front of the object-glass of a 
horizontal telescope, AA, the back of the prism 
being normal to the optic axis and the edges of the 
prism being horizontal. At P is an artificial horizon 
formed by a horizontal mercury surface. Two 
parallel rays, SS', from a star, one incident on the 
prism and the other on the mercury surface, will 
form a pair of images in the plane of the principal 
focus, /, of the objective, which images will be co- 
incident at the instant when the star’s altitude is 
exactly 60°, but will be separated as the star’s 
altitude differs from 60°. An observer looking 
through the telescope at a star which is about to 
pass the altitude- circle of 60° will see two images 
which gradually approach and pass each other ; and 
observation of the time at which the images pass each 
other will give the instant at which the star attains 
the altitude 60°. 

It will be ])erceiwd that the reason for making the 
angles of the prism 60° is that the rays from the star, 
both direct and reflected, enter the prism-faces 
normally ; they are then totally reflected within the 
prism, and ultimately leave the back face of the 
prism, again normally, to enter the telescope. The 
equilateral form of the prism is the only one by which 
these conditions can be attained. The prism is the 
vital feature of the prismatic astrolabe, and the 
performance of the instrument depends almost 
entirely on the perfection of its workmanship. 
The faces must be truly plane, in order to give clear 
and well-defined images, the edges must be parallel, 
and the angles must be very nearly 60°. So high is 
the degree of perfection reached by the maker in the 
optical workmanship of the prism that he can 
guarantee the instrument to give altitude constant 
to within 0"*1. This does not mean, of course, that 
the prism angles are within 0"T of 60°, for it can be 
shown that, provided the faces are plane, a devia- I 


tion of V from the 60° angle can he permitted with- 
out affecting the constancy of altitude by more than 
0"T, If the working angle of the prism is very 
slightly greater or less than 60°, the only effect is that 
the stars will be always observed at an altitude 
differing slightly from 60°, the altitude being, in 
fact, equal to 60 ± l*8<x, omitting refraction where 
a is the departure of the prism angle from 60°. Tor 
it can be shown that the error in altitude is given 
3n — 1 

by — - — a, 7i being the refractive index of the 

prism Hn=l-52; the correction is l-8a. 

In Dr. Ball’s method the latitude, time and 
constant elevation at which stars are observed 
are regarded as unknowns ; and observations 
to three stars are theoretically sufficient to 
determine these three quantities. It is de- 
sirable, however, to pair stars, so the mini- 
mum observation is to four stars, one in 
each quadrant. For geodetic purposes this 
number would be considerably increased. For 
computation, a simple graphic process has 
been devised. Dr. Ball has also arranged 
very convenient tables whereby suitable 
stars are readily selected. Referring to the 
smallest size instrument, when eight stars are 
observed, he says, “ A very little practice will 
enable an observer to determine the time 
within one -tenth of a second and the latitude 
within about one second, by a couple of hours’ 
observation.” This is sufficiently precise 
for most geodetic purposes even. Moreover, 
the computations may be nearly completed 
before the observations are begun, whereby 
results can be obtained almost immediately 
after the observations have been completed — 
in some cases a great advantage. 

It will be seen that the observation, com. 
bined with wireless signals and triangulatiori, 
will give the deflections both in meridian and 
prime vertical — thus doing the work of 
zenith telescope and transit instrument. 

In a discussion of the prismatic astrolabe 
at the R.G.S. (16 (c)) attention was drawn 
to an optical difficulty due to the two images 
being formed, each by only half of the tele- 
scope objective. It was stated that this gave 
an elongated image four times as long as 
it was wide ; and that this would prevent 
the astrolabe from ever being an instrument 
of the highest precision. This does not 
appear to be in accordance with the actual 
expexienc© of Dr. Ball (16 (<i)). Another 
objection mentioned was the disturbance of 
the mercury surface by wind. Unless this 
surface can be sufficiently protected observa- 
tions would only be possible when the air is 
calm. It would appear that a statable screen 
could be arranged to overcome this difficulty. 
For this Captain H. P. Douglas, R.N., suggests 
a parallel plate of glass laid on the mercury 
This would give a double image of the star 
by reflection. 

§ (10) Azimuth by Circumpolar Stars. — 
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This observation is made by theodolite, 
generally in the course of geodetic triangula- 
tion. Only close circumpolars (north polar 
distance less than 5°) are used, and these 
are observed when near to elongation. The 
criterion generally employed is that the change 
of the star in azimuth shall not exceed l" of arc 
in ten seconds of time; so that the effect of 
error in the time shall be negligibly small. 
It is usual to select two stars, one for eastern 
and the other western elongation. The time 
between elongations should be arranged to 
permit of a sufficiently long set of observations 
on the first star to be completed before 
observations on the second are due to com- 
mence. The theodolite is set in the meridian 
given by the triangulation, which is precise 
enough for finding the stars by setting the 
computed horizontal and vertical angles on the 
circles. One station of the triangulation is 
selected as a referring mark, and the course 
of the observation is: Referring mark — star, 
change face, star — referring mark. The 
chronometer times of the star’s crossing of 
some five vertical wires of the telescope is 
recorded; and from these it is possible to 
compute the true azimuth of the star at each 
wire crossing. 

Additional star pairs, near to and north 
and south of the zenith are observed for time. 
Instrumental corrections comprise collima- 
tion, level, and deviation. The difference 
between the azimuth deduced from the star 
observation and that brought up by the 
triangulation, multiplied by the cotangent 
of the latitude, is the deflection of the plumb- 
line in the prime vertical except in so far 
as the triangulation is burdened by accumula- 
. tion of observation error. As remarked above, 
this accumulation of error can be controlled by 
the introduction of Laplace stations, at which 
both longitude and azimuth are observed ; 
the foiuner furnishing a correction to the 
triangulated azimuth. 

III. Discussion of Results and 
Reductions 

The apparatus and observations which 
have been described serve to determine values 
of the force and direction of gravity 
at actual stations, generally situated on the 
earth’s surface. The Eotvos balance gives 
the means of determining certain differential 
coefficients of the potential, from which rate 
of change of “ g ” in any horizontal direction, 
and the azimuth and difference of principal 
curvatures of the geoid, can be deduced. It 
is occasionally possible by observations in 
mines to find the same quantities at points 
below the earth’s surface. To get the results 
into comparable terms it is necessary that they 
should be reduced to one datum level; and 


the obvious datum is the geoid. Eor this, 
the form of the geoid must be found, and this 
is the first objective of a gravity survey. 

§ (11) Deflection of the Plumb-line. — 
In expressing results of the observations 
for direction of the force of gravity it is 
customary to state the value of the “deflec- 
tion of the plumb-line,” i.c. the deviation 
of the vertical — along which gravity acts — 
from the normal to some spheroid which has 
been selected as representing in general the 
form of the geoid. In the same way the force 
of gravity which would occur if the earth 
were actually bounded by this spheroid, which 
is also assumed a level surface of this hypo- 
thetical earth, may be represented by a 
formula ; the differences of observed gravity 
reduced to spheroidal level and the spheroidal 
formula value may at once be deduced. In 
this way values of the anomalies of gravity 
both in magnitude and direction are arrived 
at. The spheroid to which these anomalies are 
referred has not necessarily any physical 
significance, but may without objection be 
used as a reference solid from which all 
anomalies may be reckoned, including those 
of density distribution. Starting with such 
a spheroid, it is next possible to extend the 
law of gravity to points situated above it; 
thus the force of gravity at a height one mile 
above it may be written down, and also the 
amount by which the deviation of the vertical 
(which is a curve) changes in this height. If 
it is assumed that the actual magnitude and 
direction of gravity change by the same amount, 
or approximately so, then this procedure will 
give a means of reducing observed values to 
geoidal level. This plan has generally been 
followed in reducing the results of plumb-line 
deflections, and it has often, but not always, 
been used for reducing results for the force of 
gravity. It cannot, however, be completely 
justified. 

§ (12) Cause of Irregularities. — It is 
clear that at least a portion of the anomaly 
either of force of gravity or its direction 
is the result of the irregularities of the 
earth’s surface, more especially those which 
are local. These irregularities will not have 
the same effect at the station as at the point 
vertically below it on the geoid ; so that some 
consideration of irregularities is necessary. 
There is also a complication due to anomalies 
of density at points within the geoid. If 
the form of the geoid be known, the external 
effects of all internal matter are determinate. 
As its form is not strictly known, it may be 
assumed, as a first approximation, to have 
those deviations from the spheroid which are 
actually observed at stations above it; and 
in this way it may be possible to reduce the 
observed values sufficiently correctly to 
geoidal level. Meanwhile the method so 
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far adopted is merely to correct the deflection 
for curvature of the spheroidal vertical — 
in practice the correction is a very small 
quantity. As regards reduction of the force 
of gravity to sea -level, the first plan was 
merely to introduce the correction + 2glijV\, 
which would apply to a point above a spheroid 
with no intervening mass — commonly called 
the “ free air ” reduction. A further correc- 
tion was introduced by Bouguer, after whom it 
is named, of amount — (357?/2AR) . g, being the 
effect of the mass, intervening between the 
station and the geoid, assumed to be a plateau, 
where 8 and A are the earth’s crustal and mean 
densities. With this is usually associated 
the topographical correction, which takes 
account of the difference of form of the earth 
from the Bouguer plateau. These latter 
corrections, however, are not planned to give 
the actual values of “ g ” on the geoid vertically 
below the station ; but the value it would 
have were the portion of the earth outside 
the geoid bodily removed. Values of “ g ” 
thus arrived at are not actual values. They 
take part in an attempt to explain the 
anomalies of “ p,” not to state them. Hay- 
ford’s isostatic reduction, referred to below, 
has the same object in view. 

In some cases the corrections are introduced 
with opposite sign into the formula for “ g.” 
The anomalies are then clearly seen to be those 
occurring at ground-level. 

§ (13) Claibattt’s Theorem. — Allusion 
was made in § (12) to the fact that if the 
form of the geoid is determined, and the 
distribution of matter external to it is known, 
it is possible to calculate the effects of matter 
interior to the geoid without any further 
information as to its distribution. It is 
easy to show that if any function expressing 
the potential at points exterior to the geoid 
is found, which satisfies the boundary con- 
ditions, this is a unique solution. This 
function would enable “ g ” at any point on 
the geoid to be written down ; and by Green’s 
theorem of the equivalent layer the internal 
portion can be replaced by a hypothetical 
skin distribution over the geoid of surface 
density g/^ir. 

A particular case of this is Clairaut’s 
equation, generalised by Stokes, 

ffao- go + e =.| m an d lAZls —sin 2 X, 
ffo ~ 9oo ~ 9 o 

where e is the ellipticity of the meridian, 
\ is the latitude, and m is the ratio of centri- 
fugal force at the equator to g 0 . This gives 
the law of change of “ g ” at all points on a 
spheroid, assumed to be the bounding surface 
of any gravitational system of mass and 
also a surface of equipotential, but otherwise 
independent of the internal arrangement of 
density. 


This deduction is made by neglecting squares 
and higher powers of the ellipticity. Helmerfc 
extended the solution to include the squares 
of the ellipticity, and this leads to a term in 
sin 2 2X in the formula for “ g.” His formula 
for gravity at sea -level and latitude X is 

<7 = 978-030(1 - -005302 sin 2 X - -000007 sin 2 2X). 

This is for continents ; he gives a value greater 
on average by -036 for coast districts. For 
small islands a value greater by as much as 
0-3 may be found. The corresponding value 
of the ellipticity is 1/298-3. These results 
were found from a consideration of 1600 
gravity stations, only 200 of which were 
occupied prior to 1880. 

Under certain assumptions, replacing masses 
external to a depth of 21 km. below the geoid 
by a surface distribution at the 21 km. depth 
level, Stokes showed that the elevation 1ST of 
the geoid is given by 


N =R 




*' 0 


Fgr 


9 


in which R is the radius of the earth, g is the 
formula value of gravity, and F is a function 
of \p, i p is the spherical distance from the 
point, and A g^ is the mean anomaly on the 
circle defined by 


Values oit F 


’A 

F 

0 ° 

1-00 

10 ° 

1-22 

20 ° 

0-94 

30 ° 

0-47 

40 ° 

- 0-06 

lA 

F 

50 ° 

— 0*54 

60 ° 

- 0-90 

70 ° 

- 1 - 0 S 

80 ° 

— 1*08 

90 ° 

- 0-91 

lA 

F 

100 ° 

- 0-62 

110 ° 

— 0*27 

120 ° 

0-08 

130 ° 

0*36 

140 ° 

0-53 

F 

150 ° 

0-56 

160 ° 

0 * 4:6 

170 ° 

0-26 

180 ° 

0*00 

* • 


Helmert, assuming the masses external to 
the geoid, also the inner mass anomalies, 
condensed on the geoid, where they togother 
are equivalent to a thickness 13 of matter of 
density p, showed that approximately 



According to Hayford’s theory of isostasy, 
it appears that SD = 0 when compensation 
is perfect; but Helmert in 1910 considered 
his equation to show the variation in D, 
regarding N as a very slowly varying quantity. 
He deduced that the smaller densities which 
underlie mountains also extend laterally 
beyond the mountains ; and are not confined, 
as postulated in the present-day theory of 
isostasy, to the volume directly below the 
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mountains - — a very natural arrangement, 
though not in full accord with Hayford’ s 
theory* 

§ (14) Continents and Islands. — Helmert 
draws attention to a systematic difference be- 
tween the actual values of “g” for continents 
and islands, arid says that it is in excess 
on coasts', small islands, and mountain ranges ; 
and in defect in valleys and at the foot 
of mountains. Recent results in India uphold 
this as regards mountain ranges and areas 
at their feet ; but as regards coast stations 
the following residuals appear, in which y C9 
y B are the calculated values on the Hayford 
and Bouguer hypotheses respectively (3, No. 
15, p. 178): 

g — y Q — Oil. £r-y B 4-*030. 


Colaba (Bombay) . 4-0-052 

Cuttack . . . —-0*005 
Madras . . . -0*064 


40-092 

40*033 

40*016 


The quantities 0*011 and 0*030 are introduced 
to make the formula values fit India best as 
a whole. 

Helmert also says that the deviation of 
spheroid from geoid will scarcely exceed 4 100 
metres ; but with the discrediting of Hecker’s 
observations at sea, 1 and considering our lack 
of knowledge of gravity over the greater part 
of the earth’s surface, it is open to doubt 
whether this estimate can be accepted. 

§ (15) Isostasy. (L) Hayford" s Theory . — 
Hayford’s theory of isostasy postulates that 
the amount of matter in any vertical 
column of the earth, bounded below by the 
surface of compensation and above by the 
actual surface of the earth, is the same for 
all columns of the same cross-section. The 
compensation surface is a surface parallel to 
the geoid. He has formulated a computation 
scheme for calculating the effects at any 
station ; and the calculations have been 
carried out for the United States by himself 
and Bowie (7 (6) and 12). 

Erom this research 122*2 km. is derived as 
the most probable depth of the compensa- 
tion surface. Hayford says (12 (6), p. 59): 
“ One may properly characterise the isostatic 
compensation as departing on an average 
less than one - tenth from completeness or 
perfection. The average elevation of the 
U.S. above mean sea -level being about 2500 
feet, this average departure of less than one- 
tenth part from complete compensation 
corresponds to excesses or deficiencies of 
mass represented by a stratum only 250 feet 
(76 metres) thick on average.” 

Similar treatment has been applied to 
numerous stations in India. The first verdict 
was that compensation was by no means so 


1 Duffield (14 ( b ), p. 188) says the error is of 
the order of one-third of a kilometre in the height 
of the geoid relative to the spheroid of reference. 


complete in India as Hayford and Bowie 
had found it to be in U.S. A. Up to this point 
no account had been taken in the computations 
of the known and inferred anomalies of density 
of the crust. Naturally when matter of low 
density is found at the surface it is rather a 
matter of conjecture as to how far this low 
density will persist. To take the case of 
alluvium, it is necessary to know to what depth 
the alluvium extends, and to what extent it 
becomes compressed in its lower layers. 
Moreover, the amount of water which it con- 
tains is unknown ; and this affects the total 
density. In dealing with the case of the 
results of the Indo- Gauge tic plain, Burrard 
(3, No. 17) takes anomalous densities into 
account, and derives depths which will account 
for the observed facts, on the assumption that 
compensation is perfect. In this connection 
also see Bib. 30, 31. 

As indicating a view which has been 
reached on the subject of isostasy in recent 
years, the following is quoted from Bib. 14 {a). 

(ii.) Sir S. G . Burrard . — “Archdeacon Pratt 
enunciated this hypothesis (of isostasy) 
fifty years ago, and although we have been 
frequently led by unexplained anomalies of 
gravity to question it, yet the more we in- 
vestigate the stronger becomes our conviction 
that Pratt’s hypothesis is universally correct. 
I have often met with gravity anomalies which 
seemed in opposition to Pratt’s view, but 
after further detailed investigation these 
anomalies have been actually found to con- 
firm him. Since the days of Pratt the history 
of isostasy has been to a large extent a record 
of misconception. It has been stated in 
text-books that, although large mountain- 
masses like the Alps are isostatically com- 
pensated, small mountains are not. I do 
not see why such a small body as the Great 
Pyramid should not be compensated— all 
we can say is that the means at our disposal 
are not sufficiently refined to enable us to 
judge whether it is compensated or not. 
The alluvial plains of the Mississippi and of 
the Ganges are always having additional 
loads of silt deposited upon them, but these 
loads are compensated as soon as they are 
laid down by decreases of density in the crust . 
When Pratt enunciated his theory. Airy 
suggested that the mountains were floating. 
But isostasy is not flotation. ...” 

(iii.) Professor Love . — “ The principle of 
isostasy goes far beyond an empirical assump- 
tion designed to co-ordinate the results of 
geodetic observations. It is an hypothesis con- 
cerning the mechanical state of the matter 
composing the Earth. . . . The distribution of 
mass in the Earth must be such as not to 
disturb seriously either the spheroidal form 
of the geoid or the way in which gravity 
varies over the geoid.* The hypothesis meets 
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these conditions by assuming that the Earth 
consists of a comparatively thin crust and a 
core, that the inner boundary of the crust is 
an equipotential surface at a practically 
constant distance beneath the geoid, that the 
matter of the core is so arranged that surfaces 
of equal density are equipotential surfaces, and 
that the matter of the crust is so arranged 
that equal masses of the crust (and ocean) 
stand on equal areas of the surface of the core. 
The last is Pratt’s principle of compensation. 
The mechanical state of the core is assumed to 
be one of hydrostatic equilibrium. . . .” 

(iv. ) Sir J oseph Larmor . — “ Stokes recognised 
that from experiments on the Earth’s surface 
we could draw no certain conclusions as to the 
nature of what was underground. However, 
we* could make conclusions of more or less 
probability with regard to the first 60 miles 
or so below the surface. ...” 

(v.) Dr. Jeffreys held that “ there is no reason 
to assume compensation for small areas, for 
the stresses which would result would be near 
the surface where the material is strongest.” 

(vi.) Further Considerations . — For the 
theory, as dealt with by Hayford, to be true, 
it is necessary to suppose that crustal 
anomalies of density have no appreciable 
effect in general. On the other hand, if 
they have appreciable effect, there is great 
difficulty in computing these effects, as the 
extent of the anomaly is not usually known. 
To derive the extent, as Burrard has done, 
on the basis of complete compensation is no 
proof of the existence of such compensation. 

There are mechanical reasons, based on the 
yield of materials to great pressure, which 
make the idea of isostasy in a general way 
an inevitable conclusion. Few geodesists 
would negative the idea of a continent being 
compensated as a whole. But the number 
who would go to the other extreme and say 
that every small earth feature is compensated 
is very much smaller. 

In his observations on the voyages from 
England to Australia via Suez, and back 
via Cape Town, Duffield found a variation 
of “ g ” with depth of water (11 (6), p. 14). 
He says : “ The results, if confirmed, will 

very seriously limit the application of the 
isostatic theory of the earth’s equilibrium, 
since over the Indian Ocean the value of 
gravity is 0-2 to 0*3 cm. /sec. 2 less than that' 
demanded by the mathematical expression of 
Pratt’s hypothesis — a very appreciable amount 
in gravitational units. The compensation 
appears to be less complete than the simple 
theory had led us to hope. The above 
suggestions are put forward tentatively and 
with due regard to the nature of the evidence 
on which they are based.” 

§ (16) Majorana’s Quenching Factor. — 
A number of attempts have been made 


to see whether matter absorbed gravitation. 
Erismann (24) found that such effect, if any, 
was less than 1 in 1000 ; but Bottlinger 
stated (25) that the attraction between two 
masses is reduced when a third mass is in- 
troduced between them. In 1919 Majorana 
(26) found a similar effect and derived a 
“ quenching factor ” representing this, which 
amounted to 6*73 x 10~ 12 . He made an 
apparatus whereby a leaden ball could be 
weighed, and, without any other disturbance, 
could then be surrounded by a large mass of 
mercury and weighed again. The ball lost 
7*7 x 10“ 10 of its weight in the second case. 
Applying his quenching factor to the case 
of the sun, he computes that the sun’s 
mean density is actually 4*27, instead of 
the apparent density 1*41 usually accepted. 
Further experiments on a larger scale are 
contemplated, 

§ (17) Temperature Effect. — Other 

physicists have experimented to find whether 
gravitation is in any way dependent on tem- 
perature. Southern (27) found no effect as 
great as 1 in 10 8 for 1° C. But Shaw (28) 
found an appreciable effect. This has been 
criticised by Larmor (29). 

§ (18) Relativity. — To Einstein’s theory 
of gravitation, which has occupied so much 
attention in recent years, especially since con- 
firmed by the solar eclipse observations of 1919, 
it is not necessary to refer here. Though 
this fundamentally affects ideas of the cause of 
gravitation, it does not appear to enter the 
question of a gravity survey over the earth. 
Publications on this subject are so numerous 
that they cannot be enumerated here. Those 
interested should refer to the articles on the 
subject. 

§ (19) Survey Results. — For the results of 
gravity surveys the reader is referred to the 
publications of the Survey Departments con- 
cerned, and of the International Geodetic Con- 
ference. All known results for “ g” from 1808 
to 1909 are collected in one volume (7 (c)); 
while in Bib. 3, No. 16, all deflections and 
values of “ g” in India up to 1920 are tabu- 
lated. Bib. 12 (cZ) contains a very complete list 
of publications on the subject of isostasy. 

j. be a. H. 
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Guiding Surfaces, accuracy of, in construc- 
tion of machines. See ec Metrology,” IX. 
§ (34) (i.). 


H 


Hail : 

Equations for formation of, in adiabatic 
conditions. See “ Atmosphere, Thermo- 
dynamics of the,” § (21). 

The electrification of. See “ Atmospheric 
Electricity,” § (24) (ii.). 

Hair : variation of length with humidity. 
See “ Humidity,” II. § (10). 

Halos : 

Bouguer’s. See “ Meteorological Optics,” 
§ (14). 

Historic examples of. See ibid. § (17). 

Of 22°. See ibid. § (20) (i.). 

Of 46°. . See ibid. § (21) (i.) et seq. 

Theories of. See ibid. § (18). 

See also “ Parhelion,” “ Anthelion, ” “ Arcs,” 
etc. 

Harmonic Analysis of Tides : a method of 
tide prediction which represents the tide at 
any port by a series of simple harmonic 
terms, and whose period is determined from 
theoretical considerations, but whose ampli- 
tude and phase are found from observation. 
See “ Tides, and Tide Prediction,” § (5). 
See also “Fourier’s Series,” Yol. I. 

Head Rod : an instrument used for measuring 
diameters of barrels, and also as a computing 
rule. See “ Volume, Measurements of,” 
§ ( 6 ). 

Heat : in the atmosphere. See “ Radiation,” 

§ (3) (iv.). 

Transference of, from the earth to the 
atmosphere. See ibid. § (3) (ii.) and (iv.). 

Heat-engine, comparison of atmosphere with. 
See “ Atmosphere, Thermodynamics of 
the,” §§ (1), (19), (22)-(26). 

Heights, Computation of, from Pressures, 
old international meteorological formula for. 
See “Barometers and Manometers,” § (16) 
(ii.). 

Heights, Determination of, by the Baro- 
meter. Seo “ Barometers and Mano- 
meters,” § (16). 

Assuming that the temperature decreases 
uniformly with the height according to 
the law T=T 0 -/3H, 

the height is given by the formula 



See ibid. § (16). 


Assuming that the temperature is constant 
and equal to T° absolute, the height is 
given by the formula 

DiT 

H = j log, 10 <Iog p ° ~ log 
Seo ibid. § (10). 

Hemisphere, Projection suitable .for, is 
Airy’s projection by balance of errors, or 
Clarke’s minimum error perspective. See 
“Map Projections,” § (8) (xxxiv.). 

Horizon : 

Distance of : effect of meteorological con- 
ditions on. See “ Meteorological Optics,” 
§ ( 8 ). 

Formula for depression of. See ibid. § (8). 
Horizontal Balance Beam, as used for the 
determination of the constant of gravita- 
tion. See “ Earth, Density of the,” § (4). 
Hudson’s Horse-power Computing Rule. 

See “Draughting Devices,” p. 272. 
Humidifiers : 

Howarth’s champion system. See 
“Humidity,” II. § (15) (iii.). 

Mather and Platt’s vortex system. See 
ibid. II. § (16) (i.). 

Smethurst system. See ibid. II. § (15) (ii.). 

HUMIDITY 
I. General 

The term Humidity is employed in Physics 
to denote the presence of invisible water- 
vapour in a space or diffused through a gas. 
In mist or fog water exists both as a gas 
and as a liquid. Invisible water- vapour is 
dealt with in this section, whilst mists, fogs, 
and clouds are treated in the sections devoted 
to meteorology. 

The amount of water-vapour may he 
measured either by its pressure or by its 
mass in a unit volume. If a be the actual 
pressure of the water-vapour present, and if b 
be the maximum pressure that water-vapour 
in presence of liquid water can exert at the 
same temperature, then ajb is called the 
“ relative humidity ” ; and 100 times this 
quantity is called the “ percentage humidity.” 
The same statements are true if the space 
be occupied by a gas with which the water- 
vapour does not act chemically, and through 
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which, the vapour is uniformly distributed. 
Such a gas is air, and man is particularly 
concerned with this case since he lives and 
works in air. 

The maximum vapour pressure b of water- 
vapour in a vacuum, or, as it is sometimes 
called, the saturation pressure, depends on 
the temperature and upon nothing else. This 
has been regarded as settled since Regnault 1 
published his table of the pressure of water- 
vapour at different temperatures. For the 
sake of brevity we shall use the letters M.V.P. 
for maximum vapour pressure. 

It was first enunciated by Dalton that the 
M.V.P. of water in a closed vessel in presence 
of liquid water at the same temperature is 
the same, no matter whether there be air 
present in the vessel or not. Regnault 2 veri- 
fied this law" by experiments in vacuo , in air, 
and in nitrogen. The pressure in air was 
obtained for thirty-four temperatures lying 
between the limits 0° C. and 38° C. The results 
obtained show a pressure in air less than that 
for vacuum by amounts varying between 
0*10 mm. and 0*74 mm., the mean being 
0*44 mm. In nitrogen the mean was 0-56 mm. 
These differences, though very irregular in 
amount, are considerable and always in the 
same direction, and might be held to show that 
Dalton’s law is only approximately true, but 
Regnault himself suggested that they might 
be due to some constant error. In fact, he 
attributed the diminished pressure of vapour 
to the molecular action, of the glass vessel 
producing condensation, the slowness of dif- 
fusion preventing the pressure reaching its 
maximum value by subsequent evaporation. 
This method of accounting for the discrepancies 
between calculation and experiment was con- 
firmed by Herwig 3 by experiments upon the 
compression of vapours. It was found that 
the pressure of the vapour could be increased 
beyond the point at which a deposit was first 
formed on the sides of the vessel, and that the 
vacuum maximum pressure was this increased 
pressure. It may be concluded that Dalton’s 
law is strictly true provided that the air is 
saturated in such a manner as to avoid the 
molecular action of the sides of the vessel. 

We next inquire as to the effect on the 
M.V.P. when water undergoes the change from 
the liquid to the solid state. Professor James 
Thomson 4 has discussed this matter from the 
theoretical standpoint. The M.V.P. at 0° is 
only 4*6 mm., consequently if the water be 
in a vacuum the pressure due to its vapour on 
it will be nearly one atmosphere less than the 
ordinary pressure. It can he shown from 
this that owing to the expansion of water 

1 Relation des experiences. Memoir e$ de V Acadimie, 
t. xxi. 

2 Ann . de Chimie , 1845, 3rd series, xiv, 

3 Pogg. Ann. cxxxvii. 

4 Proc . P.S. , 1873. 


on solidification the temperature of freezing 
in v actio is -h 0*0075° 0. 

If we construct a diagram in which the 
ordinates represent pi'essure and the abscissae 
temperature this point is represented in Fig. 1 
at T, where PTE is the M.V.P. curve of water 
in equilibrium with its vapour, NTQ is a line 
representing the M.V.P. of water- vapour in 
equilibrium with 
ice, and MT a line 
representing the 
pressure at which 
water is in equi- 
librium with ice. 

James Thomson 
called the point 
T where these 
three lines meet 
the triple point. Experimental values have 
been obtained for each of these curves. It is 
of importance that the ice-vapour and water- 
vapour curves should be accurately known, 
as the temperature of the air frequently passes 
below 0° 0. The quantity i>, in the opening 
paragraph, must be obtained from .the corre- 
sponding curve according to whether we are 
dealing with a liquid-vapour or a solid-vapour 
equilibrium. The curve PTE extends upwards 
to the critical temperature of the liquid, which 
in the case of water is about 360° C. 

As to tables of the M.V.P. for water, that 
of Regnault-Bxoch 5 for the range —19*0° to 
101° is to be found in Landolt and Born- 
stein’s Physikalisch-cliemische Tabellen , 1894 
edition ; the same table, improved by Wiebe 
and referred to the hydrogen scale of tem- 
perature by Thiesen and Scheel, is found in 
the 1905 edition of the same work, which also 
contains tables by Scheel for the M.V.P. of 
water-vapour over ice. The latest table of 
theReichsansta.lt (Thiesen, Holborn, and others, 
1908) is to be found in Kaye and Laby’s tables, 
p. 40 (Longmans, 1911). For ordinary pur- 
poses use may be made of any of these tables, 
as the differences are not large. 

II. Instruments, Condensation 

The methods of finding the amount of water- 
vapour in air may be arranged in five classes : 
(1) depending on finding the dew-point, (2) de- 
pending on the lowering of temperature of 
a wet-bulb thermometer due to evaporation, 
(3) in which the actual mass of water in a given 
volume of the air is measured, . (4) depending 
on the change of pressure of the air when the 
water-vapour is removed by absorption, 
(5) depending on the use of hygroscopic sub- 
stances. The continuous record of the relative 
humidity from time to time is made generally 
by taking advantage of the hygroscopic pro- 

5 Trav. et mdm. du Bur. internal, des Poids et Mes 
1881, I. A, 33. 
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perty of certain substances, hair (De Saussure), Regnault’s hygrometer (Fig. 3) consists of 
thin sheets of gelatine, horn, etc. Many forms a glass tube terminating in a very thin and 
of apparatus have been proposed for carrying highly polished silver thimble containing ether, 
out these methods, and it would be impossible The cork which closes the tube has passing 

to attempt the description of them all. Conse- through it a long tube going to the bottom 

quently we shall confine ourselves to those which of the ether, a 
are of more general use, or of special interest. short tube, and 
The dew-point is that temperature at which a thermometer 
the air would be saturated with the water- with its bulb in 
vapour in it, and in consequence it is the the ether. The 
temperature at which condensation of the short tube is 
water to the liquid form should first be connected to an 
observed. From the tables of M.V.P. the aspirator. When 
pressure corresponding to the dew-point is the aspirator is 
obtained, and that is the actual V.P. existing set running air is 

in the air. Dalton found the dew-point using drawn through 

a bright metallic cup containing water which the ether, and 
was cooled gradually by adding colder water soon moisture is 
or ice. When the outside of the cup was formed on the 
first observed to become misty from conden- silver thimble, 
sation the temperature of the water was taken. Owing to the 
Let it be t Then the cup and its contents high conductivity 
were allowed to warm, and the temperature t' of silver and the 
at which the mist disappeared was taken. constant stirring 
The mean of the two observations was assumed caused by the 
to be the dew-point. The difficulty of the current of air, it 
experiment is to make up one’s mind when is obvious that 
the surface is dimmed first by moisture, since the thermometer 
reflections on the bright surface disturb the must indicate 
judgment of the observer. very nearly the Fia. 3. 

§ (1) Dew-point Hygrometers. — Daniell temperature of 
designed an apparatus for the purpose. It the external face of the thimble. In order to 
consists (Fig. 2) of a small cryophorus con- recognise the first appearance of dew by com- 

taining ether, one parison, a second silver thimble is set near the 
limb of which, c, is first, and the two are seen by the observer 
longer than the other looking through a telescope some 10 metres 
a and terminates in a away. The telescope must have a sufficient 
bulb b 9 either of magnifying power to enable the thermometers 
black glass or with to be read. Another thermometer, placed in 
a gilt band round it, the empty second thimble, is read for the 
on which the dew is temperature of the air. The observer is 
formed. In the long sufficiently far off not to affect the hygro- 
limb is a thermo- metric state of the air. With a little 
meter with its bulb experience the tap of the aspirator can be 
immersed in the regulated until the moisture is seen to 
Fi q. 2. ether. The other bulb form, and then the tap is closed. The tem- 

a is covered with perature is read and the apparatus is allowed 
muslin. When the instrument is to be to heat, when a second reading is made, 
used all the ether is passed over into the The mean of the two readings is taken as 
bulb b by inversion. On allowing a few drops the dew-point. 

of ether to fall on the muslin the vapour The readings of dew-point hygrometers are 
within a is condensed, and fresh vapour rises affected by the presence of the observer ; 
from the surface of the ether in the blackened less than 5 grammes of water will saturate a 
bulb ; in consequence that bulb is reduced in cubic metre of air at 0° 0., and the average 
temperature. This operation is continued until human being in repose gives off 63 grammes 
a ring of condensed moisture appears on the per hour ; thus the observer’s presence will 
outside of b at the level of the junction of modify profoundly the hygrometric conditions 
the ether and vapour. The temperature of of the air. The arrangement shown in Fig . 4 
the enclosed thermometer is noted, and is has been devised to overcome this difficulty, 
again noted when, the whole apparatus being The hygrometer can be enclosed in a wooden 
allowed to warm, the condensed moisture box lined with metal, which is cut diagonally 
disappears. The mean of the two temperatures as illustrated. By oscillating the lower half 
is taken as the dew-point. of the box — and this can be done from a 

2 u 
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distance by means of a string — it is possible 
to obtain an average sample of the air. The 
box is then closed, the joint being improved 


A ir 



by the baize edging* The observer then sets 
the air bubbling and watches the formation 
of dew through the double windows in front. 

In Alluard’s 1 modification of Regnault’s 
apparatus the silver tube containing the ether 
has a flat face. This flat face is surrounded by 
a flat plate of silver in the same plane as the 
flat face but not touching it. This plate 
consequently remains at the temperature of 
the air, and it is claimed that with this 
arrangement the first appearance of condensed 
moisture is more easily recognised. 

§ (2) Effect of Wind.— Crova 2 found that 
Regnault’s instrument was not reliable in a 
high wind with a low humidity. This led 
him to design a condensation hygrometer in 
which the formation of the dew occurred on 
the inside of a vessel. A tube of thin brass, 
nickel-plated and polished inside, is closed at 
its far end by a ground glass plate, and at its 
near end by a lens* Looking in through the 
lens, the ground glass is seen surrounded by 
its image reflected in the bright tube. The 
whole tube is surrounded by a metal box 
containing carbon disulphide, which can be 
cooled by drawing air through it. The air to 
he tested is drawn into the polished tube. 

Crova found under these conditions that 
the point of condensation was higher than that 
shown by a Regnault’s apparatus exposed to 
1 Jour, de Physique, 1878. 2 Ibid., 1883. 


the full force of the wind. We may quote 
as an example from, his paper 3 some experi- 
ments made at Montpellier in a strong wind 
from the north-west, which was increasing 
throughout the experiment. 


Time. 

Temperature 

Dew-point. 

of Air. 

Exterior. 

Interior. 

H. M. 

o 

0 

o 

8 15 

19-4 

9*5 

9-5 

8 30 

19*9 

9*7 

10*5 

8 45 

19-7 

8*3 

9*8 

9 0 

19*6 

8*1 

9*5 


His results apparently show that the point of 
condensation depends on the velocity of the 
wind. 

§ (3) Theory of Dew-point Instruments. — A 
discussion of the theory of the use of those condensa- 
tion instruments is necessary. It is assumed that 
when they are used in the free air they do not affect 
the total pressure of the atmosphere, and that the 
fraction of that pressure duo to water vapour is 
unchanged. 

We may ask ourselves how these instruments are 
affected by a wind blowing on them and by radiation. 
In Regnault’s instrument the temperatures of the 
silver cup and of the layer of air outside are assumed 
to be the same as that of the ether inside. Let H 
be the heat withdrawn per second per square centi- 
metre by evaporation of ether; then II = heat 
received by radiation 4- heat received by convection 
-1- latent heat of the water condensed. 

H=R(f'— t) + ®s®X*lz±) 1 +m j^ 

V 

where R is the radiation constant, t the temperature 
of the silver surface, t' the surrounding temperature, 
L the latent heat of evaporation at t, and m 
the mass of water condensed per second. The 
expression SjpR (t'—t)/v is the recognised formula for 
the heat in calories passing from a hot current of 
gas to a cold surface. S v is the specific heat of the 
gas at constant pressure, R the coefficient of skin 
friction, if is the temperature of the stream of gas, 
t that of the surface, and v the mean velocity of the 
stream. The flow is parallel to the surface, which is 
not the case when Regnault’s apparatus is placed, 
as it would usually be, at right angles to the wind. 

When a dew-point apparatus is used the mass 
condensed is made as small as possible, and we have 
reason to believe that the radiation effect will be 
small compared with the convection effect. Conse- 
quently we may write 

XT S 

Jtx ■ — ■ 1 • • 

V 

Now it has been shown 4 that approximately R <=» con- 
stant x v z , therefore H = constant x S® x ?;(//— £). 
There is nothing in this formula to indicate that it 
will not be possible by increasing H to compensate 
for an increase in velocity, and thus to find the same 

a Jour . de Physique , 1883. 

4 Technical Report of the Advisory Committee for 
Aeronautics , 1912-13, p. 40. 
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value of the dew-point, provided the humidity is 
unchanged. 

We must, therefore, look elsewhere for the effect 
of a wind, and perhaps we may find an explanation 
in the note by Dr. Stanton to the paper referred to 
above. Dr. Stanton pointed out that the flow round a 
cylinder placed at right angles to a stream would not 
be stream-line flow, and its character would vary with 
the velocity. In the case of a pipe of circular section 
placed with its axis at right angles to the current, 
the heating effects in the neighbourhood of the points 
A, B, C (Fig. 5) might be widely different, since at A 
the motion is presumably con- 
J* siderably slower than at B, and 0 

jo acted upon by the eddies 

thrown off by the side. Experi- 
ments by Mr. Jakeman with cold 
BlG« &. air blowing on an arrangement 

of foxir electrically heated strips 
of platinum foil in the positions A, B, 0, D on an 
ebonite rod gave values for the heat dissipated. 
The diagram given in the paper shows that with the 
same temperature difference between the strip and the 
current more heat is dissipated at A than at B ; and 
more at B than at 0. Conversely, if the strips were 
colder than the current, more heat would be trans- 
mitted at A than at B, and more at B than at C. 
Perhaps in the same way in a Begnault’s dew-point 
apparatus in a wind, the cooling would be irregular 
round the tube of circular section. There is room 
here for research. Perhaps we might give to the 
silver tube a stream-line section, and in this way try 
to overcome the inequality of heating at different 
parts. But here we must leave the subject to future 
experimenters. 

§ (4) Wet and Dry Bulb Hygrometer. 
(i.) Instruments . — The lowering of temperature 
due to evaporation is the principle of the 
psychrometer or wet and dry bulb thermo- 
meters (Leslie). The dry bulb is an ordinary 
sensitive thermometer, and set by its side 
is a similar thermometer which has its bulb 
kept constantly moist by a wrapping of muslin, 
to which a wick is attached, clipping into a 
reservoir of pure water. This hygrometer is 
the most largely used of any of the different 
types. It is used by meteorologists, gar- 
deners, and manufacturers. The theory of its 
action has very clearly stated, and 

it is necessary that we should devote more 
than ordinary attention to it. The difference 
in the readings of the two thermometers is 
observed, and from the difference the amount 
of water vapour present in the air is calculated. 
Fig . 6 represents a common form of the 
apparatus. 

The muslin should be of fairly close texture ; 
if it is too loosely woven it cannot keep the 
whole surface of the bulb moist. One layer 
should be sufficient. Experiment has shown 
that additional layers cause the instrument 
to be rather slower in reaching a steady 
temperature. The muslin should be of good 
cotton, free from oil, and this may be secured 
by boiling the muslin before it is used in dilute 


potash solution, taking great care to wash 
out thoroughly all potash before it is wrapped 
round the thermometer. It may be tied on 
securely with cotton thread. The wick may 
be formed from 
an extension of 
the muslin, or 
by tying in with 
it some ordinary 
cotton wick. 

With the end of 
the wick in water 
the thermometer 
should maintain 
itself moist by 
the constant 
ascent of water 
by capillarity to 
take the place 
of the loss by 
evaporation. If 
it shows inclina- 
tion to become 
dry, a new wrap- 
ping should be 
substituted. The 
reading of the wet thermometer will be less than 
that of the dry, owing to the absorption of heat 
during evaporation, and the readings will only 
be the same when the air is saturated with 
moisture so that there is no evaporation. 

Experiment has shown that dry cotton when 
absorbing moisture causes a slight evolution of heat. 
This indicates some sort of action, possibly chemical, 
between cotton and water, bxit the action is so slight 
that we may consider the bulb with wet muslin to bo 
virtually a bulb surrounded with a film of pure water. 1 

(ii.) Formulae for Hygrometry . — In spite of 
the general use of the wot and dry bulb 
thermometers, much vagueness exists as to 
the formula to be used for the reduction of 
the readings. 2 The conditions for which the 
original formulae of August 3 and of Apjohn 4 
apply were not sufficiently defined. The 
consequence is that many modifications of the 
formula, for which the reader is referred to the 
Computer's Handbook , have been suggested. 
We give below some of more well - known 
empirical formulae, but the reader should note 
that the more scientific method of reducing 
the observations, and the method that is re- 
commended, is given later in § (8). 

The formulae are in general of the type due 
to Regnault: 

e* = €'-AB(t-t ') 9 

where e" is the vapour pressure at the dew-point, 
e' that at the temperature of the -wet bulb, 
t and t' the temperatures of the dry and wet 

1 Cobbett, Proc , Camb. Phil . Sac. x. 372. 

2 See The Computer’ a Handbook , Section I., published 
by the Meteorological Office, 1921. 

a Poggendorffs Annalen, II. v. 69. 

4 Trans . Royal Irish Academy , 1834. 
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"bulbs, B the barometric pressure measured 
in the same units as those employed for 
e' and e", and A a quantity depending on the 
■wind velocity in the neighbourhood of the 
thermometers. 

Pemter has given the values in the following 
table, if the water on the wet bulb be not 
frozen : 


Recent experiments in a wind channel at 
the Royal Aircraft Establishment at Farn- 
borough have shown that for the ordinary 
range of temperature and humidity the con- 
stant A shows no appreciable variation up to 
speeds of 90 miles an hour (say 40 metres per 
second) from the values given in the table for 
a strong wind. 

If the wet bulb cover is frozen the coefficients 
become -001060, -000706, and -000579 respect- 
ively, while the 610 in the denominator be- 
comes 689. 

The instructions of the Bureau Central 
Meteorologique prescribe a formula 

e" = e' — -00079B(f — t'), 
while in India the formula 

e" = e ' - -00079B(i + 

is employed. These two practically agree with 
Pernter’s light wind formula. The formulae 
for a strong wind are suitable for use with Ass- 
mann’s ventilated and the sling hygrometers. 
For the latter the following formula — in 
Fahrenheit degrees — -is employed in America : 

e" = e '- -000367B(f , 

which, in view of the smallness of the term 
(t - 0/1671, is practically the same as Pernter’s 
strong wind formula. 

The tables used by the Meteorological Office 1 
are based on Glaisher’s factors or multipliers, 
making use of the equation 

d=t~A(t~t'), 

where d is the temperature of the dew-point, 
t and t' the temperatures of dry and wet 

1 Computer’s Handbook, Section I. 3. 


bulb respectively, and A a factor determined 
from the comparison of many thousand 
simultaneous observations of wet and dry bulb 
thermometers and of the Daniel! Hygrometer 
taken, at the Royal Observatory, Greenwich, 
from 1841 to 1854, and from observations 
at high temperatures in India and at low 
temperatures in Toronto. The values of 


Glaisher’s factor A depend on the dry bulb 
temperature, and a table is given in the 
Computer’s Handbook, from which the follow- 
ing is extracted : 


Values or Glaisher’s Factors used for 
Dry Bulb Temperatures from 265 a to 314 a 


Tempera- 
ture A. 

Glaisher’s 

Factor. 

Tempera- 
ture A. 

Glaisher’s 

Factor. 

265 

8*55 

290 

1*85 

266 

8-27 

291 

1-83 

267 

7*83 

292 

1-81 

268 

7-28 

293 

1-79 

269 

6-61 

294 

1-77 

270 

5*80 

295 

1-75 

271 

4*92 

296 

1-74 

272 

4*06 

297 

1-72 

273 

3*32 

298 

1*70 

274 

2*81 

299 

1-69 

275 

2*54 

300 

1-68 

276 

2*39 

301 

1-67 

277 

2*31 

302 

1-66 

278 

2*26 

303 

1-05 

279 

2*21 

304 

1-64 

280 

2*17 

305 

1 *63 

281 

2*13 

306 

1-62 

282 

2*10 

307 

1-61 

283 

2*06 

308 

1-60 

284 

2*02 

309 

1-59 

285 

1*99 

310 

1-58 

286 

1*95 

311 

1-57 

287 

1*92 

312 

1-56 

288 

1*89 

313 

1-55 

289 

1*87 

314 

1 -54 


The experience of the Egyptian Meteoro- 
logical Office has confirmed the view that 
when the air is very dry the linear form of 
the expression for e" needs modification. It 
has occasionally been found to give negative 
values for the humidity. 


Vapour Pressure at the Dew-point 


State of Wind in Screen. 

Temperatures in Centigrade 
Degrees. 

Temperatures in Fahrenheit 
Degrees. 

Calm — 

0-0*5 metres per second . 

e'— -0O12B(<— t') (l+^ 

e'— -00067B (t-t') ^1 

t'~ 32 \ 

^ 1098 ) 

Light wind — 

1-1*5 metres per second . 

e'— -0008B {t-t') (l + ^) 

e'~ -00044B(i! — t') ^1 

1098 ) 

Strong wind — 

Above 2*5 metres per second . 

e'--000656B(*-r) 

e'~ -000364B(£— t') ( 
1 V 

1098 ) 
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§ (5; The Wet Biteb Thermometer (Stipe 
Air). (i.) The&ry. — Clerk Maxwell in Ms 
article on 4 41 Diffusion. ” in the ninth edition of 
the Encyclopaedia Britannica gave a theory of 
the wet bulb thermometer. In calm air we 
may consider that the steady temperature of 
the wet bulb is the result of an equilibrium 
between the heat reaching the thermometer 
by conduction and radiation, and the heat 
absorbed in evaporating water from the wet 
bulb. This water-vapour passes by diffusion 
outwards through the air. Let Q be the 
mass of water evaporated, H be the heat 
gained by conduction, and h the heat gained 
by radiation. Then, if L he the latent heat 
of water at the temperature of the wet bulb, 
LQ = H + A. 

We shall now express these quantities for a square 
centimetre of the surface of the wet bulb, and we 
shall suppose this to be part of a large flat surface. 
We shall suppose that we are limited to the consider- 
ation of the circumstances in a rectangular block 
of the calm air which lias the square centimetre for 
base. The rectangular block may be supposed to 
have an end on a surface which remains at a constant 
temperature # 0 and at a constant pressure of aqueous 
vapour p 0 , which is the quantity to be determined. 

Let the length of the rectangular block be x cm., 
and let 9 t be the temperature of the wet bulb, then 
the heat conducted in time t, 

iJc 

JO 


where h is the conductivity of air in calorimetric 
units. This according to Stefan is 0-0000558 in 
C.G.S. units. The heat radiated to the bulb in the 
time t is 

h~me o-*!), 

where R is the absorption or radiation constant. 

The mass of water passing by diffusion in a time 
t is 



where D is the diffusion constant, P the whole pressure 
of the air, cr the specific gravity of aqueous vappur, 
p the density of air, and p x the M.V.P. at Q x . 
Substituting these values in the equation 

LQ«H+7* 

we have 


x 

therefore 


\p p/ ( 


— ^ — ^ <rp=^(0 o - 0j) +iR{0 o - 0j), 


LD crp=h(& 0 - 0 X ) -|-a;R(f9 0 — 0{), 

Pi~Po 


UDcrp 




Expressing h , the calorimetric conductivity in 
units of the thermometric measure of conductivity, 
&/S 0 p=K where is the specific heat of air at 
constant volume, we have 


Pi~Po KS v p+xK 
“~LD 


Since 78 ,, = 83 , wlierc 7 is the ratio of t-lio specific 
heat of air at constant pressure and at constant 
volume, we have 


Pi~Po 




PS-p / K rrR \ . 
Po-Pi- j^ (“b + S^d) ( 0 o-^i)- 


(I) 


Maxwell has shown how the formula ( 1 ) may be 
applied to a thermometer bulb of any shape by using 
the analogy between the laws of conduction and 
diffusion and the laws of electrical potential. He 
shows that if C be the electrical capacity of the bulb 
and A its area, then 

PS*/K ( AR V. 

Po -Pi - Lo . [-JJ +4^cs^bJ (*o - <2) 

If the bulb be spherical and of radius r, 0 =r and 
A«= 47 rr a , therefore 

p o-Pi L<r \yD + S 3> pDj 0l) * ' 

(ii.) Experimental Verijicatimi . — In an ex- 
periment arranged to find the relation between 
the M.V.P. at the temperature of the wet bulb 
and the depression of the bulb in order to realise 
the conditions of calm air, the author arranged 
wet and dry bulb thermometers inside a 
porous pot saturated with strong sulphuric 
acid. The porous pot was of the size used 
for Leclanchd cells, and the wet bulb was 
placed as low as possible in it. To secure that 
the sulphuric acid surface should be fresh, 
acid was poured down the walls of the pot 
before beginning an experiment. At the 
surface of the acid the air is dry. The dry 
bulb thermometer gives the temperature of 
the enclosure. The only convection possible 
will bo that due to the wet thermometer. 


Dry 

Thermometer, 

°C. 

Depression 
of Wet 
Thermometer 
in ° C. 

M.V.P. at the 
Temperature of 
the Wet Bulb 
divided by the 
Depression of 
Wet Bulb. 

16-7 

9*0 

0*87 

16*4 

8-7 

0*90 

7 *3 

6*0 

0*84 

6*0 

5*5 

0*86 

5*05 

5*2* 

0*87 

5*1 

5*3* 

0*85 



Mean 0-865 


* Water still liqxiid. 


We notice, if dry air bo used, in the formula (3) 


p Q ” 0 and 

-*L-_S s f2E. + J®y . . (3*> 

o 0 -e 1 l,t Vtd s,pD^ 

and tlio experiments above show that the value of 
Pil(6 0 - 6 X ) is 0-865. If we take 
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P=760 mm. the whole pressure, 

Xi= 60G*5— *6950,. where 0 t is the temperature of 
the wet bulb, 

<r =0*622 the specific gravity of water- vapour 
referred to air, 

K ==0*256 Maxwell's value deduced from Stefan’s 
measurements, x 

D== 0*198 Landolt and Bomstein’s Tables, 

'7 = 1*41 the ratio of the specific heat of air at 
constant pressure to that at constant 
volume, 

S p —0*2375 and substitute in the formula (3*), 


we have 


0*865 =*478 ^ 
rR 


92 + 


?R \ 


‘ S vpD" 


s*pv) 

89. 


Thus under the conditions of the above experi- 
ments it appears that the two terms, K/yD and 
rR/S^pD, in the bracket have approximately the 
same value. 


The experimental constant 0*865 may be 
compared with the empirical constants (see 
Computer's Handbook) for still air used by 
Pernter, 0*93, and by Birkeland, 0*84. It agrees 
better with the latter. The constant 0*865 is 
that which should be used where all the bodies 
in the neighbourhood are at the temperature of 
the dry thermometer, the condition which is 
supposed to be the case in a Stevenson’s 
meteorological screen, and when the air is 
calm. 

We may next inquire what change would be 
produced if dry hydrogen were substituted 
for dry air. The conductivity of hydrogen is 


from results in the previous section and using the 
value of D in hydrogen. Therefore, in hydrogen 


Some experiments wei*e made to determine 
this value, using the same apparatus as in 
the previous section and displacing the air 
by hydrogen. 



i 

PM 

1 
« g 
►| 

Vapour Pressure at 
Temperature of Wot 
Bull) divided by the 
Depression. 





1 

1 

Experiment. 

Theory. 

In still air . 

16*7° 

7-8° 

0-88 

0*865 

In still hydrogen 

16*4 

8-75 

1*09 

0-99 


Considering the uncertainty in the actual 
value of the conductivity of hydrogen and the 
diffusivity of water- vapour in that gas, there 
is, therefore, a good agreement with Maxwell’s 
theory. 

Another proof of the applicability of Maxwell’s 
theory is to be found in the behaviour of a wet bulb 
thermometer in a dry atmosphere when the pressure 
is reduced. Daniel! (1834) attached a delicate 
thermometer with its bulb covered with filter paper 
to a brass wire sliding through a collar of leather in 
a ground brass plate. This plate was fixed air-tight 
on the top of a large glass air-pump receiver, which 
covered a surface of sulphuric acid of nearly equal 
dimensions with its base. Upon a tripod of glass. 


I. 

Pressure Gauge. 
Inches. 

u. 

Dry 

Thermometer 

m. 

Wet 

Thermometer 

IV. 

Depression. 

V. 

M.V.P. at 
Temperature 

VI. 

M.V.P. 

VII. 

New Total 
Pressure 

VIII. 

Col. VI. w 1 

°C. 

°C. 

of Wet Bulb, 
mm. 

Depression 

/Original 
'V Pressure 

1575 ’ X <Joi.VU 

30-2 

10*0° 

s-o° 

5*0 

6-507 

1*301 

1 

•00083 

15*1 

9-44 

2-77 

6*67 

5*570 

0-835 

1 

1*41 

•00075 

! 

7*5 

9*44 

111 

8*33 

4*948 

0-594 

1 

2 

6 

o 

3*7 

9*72 

0-277 

10*0 

4*494 

0-4494 

1 

2*86 

•00082 

1-8 

9*7 

-2-00 

11*7 

3*950 

0-3376 

1 

4*1 

*00088 - 


about seven times greater than that of air, 
and the diffusivity of water- vapour in hydrogen 
is about 3^ times that in air. 

Taking the values of the constants for hydrogen 
at 760 mm, pressure^ we find that 


PS, 

Lcr 


*475, 



rR 

S&pD 


*257, 


standing in the acid, was placed a vessel containing 
a little water into which the thermometer could be 
dipped and withdrawn by means of the sliding wire. 
At the commencement of the experiment, the pressure 
gauge stood at 30*2 inches, the temperature of the 
air being 10° C. On withdrawing the thermometer 
from the water it began to fall rapidly, and in a few 
minutes reached a steady temperature. Columns 
I., II., and III. in the above table contain the 
results. 

Column IV. of the table contains the depression 
of the wet thermometer, column V. the vapour 
pressure at the temperature of the wet bulb, column 
VI, the ratio of the vapour pressure to the depression. 


1 Vide Maxwell’s Heat , p. 313, 3rd edition. 
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We may take formula (3) in the form 


Pi 


P ( k + rR 
= L<rp V D 


)• 


00-01 

where h is the calorimetric conductivity, which is 
independent of pressure. In this formula P/cr 
occurs and this is constant for all pressures. P/Lcrp 
is equal to 1575. The diffusion constant will vary 
inversely as the square roots of the total pressures. 
In column VIII. of the table the value is given of 
{k -f rR)/D calculated for each pressure. It will be 
observed that the value is nearly a constant os the 
theory indicates. 

§ (6) The Wet Bulb Thermometer in 
Moving Air. — We shall now pass to the 
consideration of the case in which the air is 
in motion, that is when the thermometers 
are exposed to wind. Here we shall avail 
ourselves of a theory privately communicated 
by Major Q. I. Taylor. The theory takes 
account of the fact that when wind is blowing 
over a flat surface (Fig. 7) there is against the 

surface a region free 
'o 


Eddy layer 
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Eddy-free layer 
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Fig. 7. 




from eddies in which 
the stream lines are 
parallel to the sur- 
face, and beyond 
there is a region 
of turbulence in 
which eddies effect 
the transference of heat and water-vapour. 
The thickness of the eddy-free layer is shown 
by Major Taylor to he equal to 41 /V m where V, n 
is the mean velocity. The velocity at the limit 
of the eddy-free layer is -56V m . Major Taylor 
has shown that in air about one-half of the 
fall of temperature between the surface and 
the stream of air occurs in the eddy -free layer. 

The rate at which the interchanges occur 
in the eddy-layer will he 

A/?Sj)(<9 0 — 0 2 )f(V) =A(p 2 -p 0 )f(V) L, 

P*-Po~^^(0o-0*)' • W 

And in the eddy -free layer 

D crpJj = Jc{d 2 - 6 X ) . (5) 

P h 

or — p 2 == — 0 X ). 

If Jc/Dp — tip, we may combine the effects 
in the two layers. 

poj 
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This formula is the same as that deduced 
by August and Apjohn, who assumed that when 
the temperature of the wet bulb is stationary 
in a wind that the heat required to vaporise 
the water is given out by portions of the 
surrounding air in cooling to the temperature 
of the wet bulb, and that every portion thus 
cooled became saturated with water- vapour. 


The theory was accepted by Hegnault as 
the basis of his work in his Etudes sur 
F II ygronietrie. He found it unsatisfactory for 
the various conditions under which he worked, 
conditions which included almost still air as 
well as air in motion. It will be noticed that 
the formula (6) is the same as formula (3), based 
on Maxwell’s theory for still air, with the 
exception that the term involving conduction, 
diffusion, and radiation is absent. 

It appears that the formula (6) is true only 
when k/Dp In air the value of k/Dp is 

*000056/198 x *001293* or 0*22, which is not far 
from the value of the specific heat of air at 
constant pressure, i.e. -2375. In other gases 
k[Dp may have a value which will not justify 
the simple method used above of combining 
the effects of the eddy-free and eddy layers. 

§ (7) Experimental Verification. — We 
shall now test the formula by experiments in 
air and afterwards examine the behaviour of 
other gases. 

A short test tube 2*3 cm. diameter and 10 
cm. long was closed by a cork with three 
holes in it, through which passed an entrance 
glass tube leading to the bottom, an exit 
tube from near the top, and a thermometer 
graduated in l/10ths of a degree. The wet 
bulb was made by wrapping one or two layers 
of linen gauze about the bulb of the thermo- 
meter and tying this in place with cotton 
thread. The wet thermometer was moistened 
by immersing it in a beaker of water before 
each experiment. To prevent heat from 
coming from the outside to this apparatus it 
was enclosed in a larger vacuum- jacketed 
test tube, and the intervening space was 
plugged with cotton wool. In some experi- 
ments this vacuum- jacket was dispensed with, 
for the complete experiment only lasts about 
four or five minutes, and not much heat can 
get in in that short time. The exit tube was 
connected to the suction nozzle of a Lennox 
electrical blower so that a rapid draught could 
be maintained through the apparatus. The 
entrance tube was connected to a tall tower 
of pumice saturated with strong sulphuric 
acid in order to give a supply of dry air. 

With dry air the following readings were 
obtained : 


Dry Air. 

° 0 . 

Wet Bull). 

° 0 . 

Y.P. at the Tempera- 
ture of Wet Bulb 
divided by the De- 
pression of Wet Bulb, 

15*15 

3*1 

*477 

15*1 

2*8 

*472 

18*2 

4*7 

-400 

If) *7 

4*0 

-474 

17*9 

4*7 

•483 

18*2 

4*9 

-476 



Mean 0*474 
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The pressure in the apparatus during the 
passage of the air stream was determined by 
substituting for the thermometer a pressure 
gauge containing mercury. This showed that 
the pressure inside was 25 mm. less than atmo- 
spheric when the motor was working at its 
highest speed. Therefore the theoretical 
constant is 735 x 0-2375/603 x 0-622, or 0-473, 
which is in good agreement with the experi- 
mental result. 

The velocity of the stream of air was 
ascertained by means of an air meter (Negretti 
& Zambra) fitted to the side of a box from 
which the air was drawn. The velocity of 
the air was found to be 86 feet per minute, 
and this multiplied by the ratio of the square 
of the diameter of the aperture of the air 
meter to the square of the diameter of the 
tube gave 3-92 metres per second for the 
velocity of the air passing over the wet bulb. 
Further experiments were made with hydrogen 
and with carbon dioxide, to which we have 
not space to refer, but the results were in 
agreement with the theory. 

Some experiments were made with the 
same apparatus to measure the amount of 
aqueous vapour present in air. For this 
purpose the apparatus for delivering dry air 
was removed and the air from the room drawn 
in with the same velocity. At the same time 
observations were made with Regnault’s dew- 
point apparatus to determine the dew-point 
and thus obtain the true aqueous pressure in 
the air. 


for observed wind velocities. When these 
are plotted with our results for limiting values, 
such a curve can be drawn, and is given in 
Fig . 8. The value of Pernter’s constants 

are in general agreement with this curve. 

Consequently to use this curve the observer 
must find the velocity of the air blowing over the 



Metres per second, mean velocity 

Fig. 8. 

wet and dry bulbs. The corresponding value of 
the constant to be used in the theoretical formula 
p 0 — constant (0 O — ® x ) is then found from 
the curve; p v the M.V.P. corresponding to the 
temperature B x ° C. of the wet bulb, is found 
from the table of M.V.P., and B {) is the tempera- 
ture of the air. It is assumed that the pressure 
of the air is approximately normal, i.e. 760 mm., 
otherwise a correction should be made. 

§ (9) Assmann’s Hygrometer. — In. Ass- 
manris portable psychrometer, shown in Fig. 9, 


Dew-point by Begnault's Method. 

Air 

Temperature. 

Wet Bulb. 

Calculated 
Aqueous 
Pressure using 
0*47. 

Difference. 

- 

Temperature. 

Pressure. 

+0*1 

nun. 

7-081 

16*1° 

11-9° 

mm. 

7*194 

+ 0*113 

— 0*9 

4-280 

14-4 

7-2 

4*184 

- 0*096 

-1-48 

4 '097 

15*9 

8-75 

4-294 

H 0-197 

-0-7 

4 343 

13*3 

7-3 

4-659 

+ 0-316 





Mean +0-132 


§ (8) Values of the Constant for differ- 
ing Wind Speeds. — The meteorologist requires 
to know the constant by which the observed 
depression of the wet bulb must be multiplied 
for any degree of ventilation. The experi- 
ments which have been, described deal with 
the limiting conditions, namely when there 
is no wind, and when the wind is sufficiently 
great to cause the maximum depression. 
The ventilation may lie between these two 
limits, and a curve may be given, founded 
on the results of other experimenters, which 
must represent very approximately the true 
relation between the constant and the wind 
velocity. 

Birkeland has given values of the constant 


use is made of the principle of ventilation. 
The two thermometers are arranged in metal 
tubes, through which an artificial current of 
air is drawn by a clock-work fan. As the 
fan will give a constant ventilation the appro- 
priate constant may be obtained from the 
diagram above, when the value of the current 
is known ; or the constant may be obtained 
by direct comparison, with a condensation 
instrument. It would appear that the fan 
is usually adjusted to give a velocity between 
2 and 3 metres per sec. 

The principle is applied in a simpler way 
in the “sling” psychrometer (Fig, 9a). The 
two thermometers are whirled at the end of 
an arm in air until the readings of both 
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the wet and dry bulbs are constant. If the 
number of turns per second and the radius 
of the whirl are known, we can calculate the 




Flo. 9 a. 


relative motion of the air, and then, from the 
curve (j Fig. 8) the constant may be obtained. 

§ (10) Hair Hygrometers. — Many organic 
substances alter their dimensions when exposed 
to moisture, e.g. hair, horn, gut, and are called 
hygroscopic. Human hair is one of the most 
sensitive. It extends 3/128 of its length in 
saturated air. It requires careful preparation 
to remove oil. The curve (Fig- 10) gives the 



Percentage of the Total Extension 


no. 10. 


average relation between the percentage 
humidity and the percentage of the extension 
for hair. If the hair is wetted with pure water 


with a brush, and allowed to remain wet for 
half an hour, the indicator should show 95 per 
cent humidity. Various methods of magnify- 
ing the extension have been used. They 
usually take the form shown in Fig. 11 of a 
dial with a pointer, which is moved by the 
contraction of the hair. The dial is graduated 
to show percentage humidity, or they may be 
arranged to record the humidity changes on 
a chart. Recording hygrometers have been 
constructed with bundles of hair. Such 
instruments appear to respond quickly to 
changes of humidity, but they are said to be 
very uncertain in their readings. Reference 



should be made to the Physical Society’s 
Discussion 1 on Hygrometry, and specially to 
Dr. Ezer Griffiths’ experiments with the Hair 
Hygrometer. 

§ (11) The Kata-thermometer. — Of late 
years Professor Leonard Hill has used the 
rate of evaporation as a combined measure 
of humidity and. ventilation—— two circum- 
stances on which the pleasantness of the air 
as regards life depend. He calls his instru- 
ments the dry and wet Kata-thermometers. 
They are exposed to the air at a temperature 
of about 1 10° F. and the time is taken for 
a cooling down (/card) from 100° F. to 95° F. 
The average 97° -5 F. is near 98° -4 F.— the 
normal temperature of the human body. 

Each Kata-thermometer (Fig. 12) has a 
cylindrical bulb of about 25 sq. cm. surface 
filled with spirit. The wet bulb is covered 
with a finger-stall of lisle thread glove. When 
a reading is to he made the observer immerses 
the dry Kata in a thermos flask of hot water, 

1 Proa. Fhys. Soo. xxxiv. pp. v-xcil. 
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wipes it dry, and takes the time of cooling. 

A similar observation without wiping is then 
made with the wet Kata. By means of the 
constant for each instrument marked on it, 
the heat in millicalories lost per sec. per 
sq. cm. is calculated. The result with the 
dry thermometer gives a 
measure of the loss by 
radiation and by ventila- 
tion (convection), whilst 
that with the wet Kata 
gives the same quantity 
together with the further 
loss due to evaporation. 
It is assumed that the 
two thermometers are ex- 
actly similar in all respects 
other than that one is wet. 
This is hardly justified, as 
owing to the rather thick 
oover used for the wet 
Kata its area is larger. 
Also in other respects they 
are dissimilar ; one has a 
non-conducting coat with 
a rough surface. Conse- 
quently it is not likely that 
calculations founded on 
physical constants will 
agree with experiment. 

Owing to the warmth of 
the cooling Kata, there is 
always some convection, even 
when no wind is blowing. A 
calculation by Maxwell’s 
formula for still air shows the heat lost by a dry 
Kata would only be about half that found by Hill 
in his experiment in a closed chamber, whilst a wet 
Kata loses three times the heat the theory requires. 
When the Katas are used in a current of air using 
the formulae for heat loss in moving air, we find 
similar divergences between theory and experiment. 

The instrument may, however, be used to obtain 
useful information about various climates and 
factory conditions. Professor Hill has written a 
report on the subject to which the reader interested 
in hygiene must be referred. 1 

§ (12) The Gravimetric Method. — The 
determination of the mass of water-vapour 
in a given volume of air forms the most 
accurate method of finding the pressure of 
vapour in the air (Brnnner, 1840), and this 
method has been used as the standard against 
which the other methods have been tested. 
The method was used by W, Napier Shaw 2 to 
test the fixed points of thermometers between 
10° C. and 20° <J. assuming Kegnault’s measures 
of the M.V.P. of water. 

We shall quote a description of the method 
from Glazebrook and Shaw’s Practical Physics , 
§ 42, 1885 edition. 

1 The Science of Ventilation and Open-air Treat- 
ment , part i., His Majesty’s Stationery Office, 1919. 

2 Camb . Phil. Trans . xiv. part i. 


The arrangement of the apparatus, the 
whole of which can be put together in any 
laboratory, will he understood by Fig . 13. 
As aspirator we may use any large bottle. A, 
having, besides a thermometer, two tubes 
passing airtight through its cork and down to 



tubes is bent as a syphon and allows the 
water to run out, the flow being regulated 
by the pinch-cock T ; the other tube is for 
the air to enter the aspirator ; its opening 
being at the bottom of the vessel, the flow of 
air is maintained constant and independent 
of the level of the water in the bottle. 

The vessel B, filled with fragments of 
freshly fused chloride of calcium, is provided 
with two tubes through an airtight cork, one 
connected with the aspirator passing just 
through, and the other connected with the 
drying tube D to the bottom of the vessel. 
This serves as a valve to prevent any moisture 
reaching the tubes from the aspirator. The 
most convenient way of connecting up drying 
tubes is by means of mercury cups, consisting 
of short glass tubes with a cork bottom 
perforated for a narrow tube ; over this passes 
one limb of an inverted U-tube, the other limb 
of which is secured to one limb of the drying 
tube either by an india-rubber washer with 
paraffin or, still better, by being thickened and 
ground as a stopper. A glance at the figure 
will show the arrangement. The drying tubes 
can then be removed and replaced, with 
facility, and a perfectly airtight connection 
ensured. The space in the little cups 
M, M, M, M, between the narrow tubes and 
the limbs of the inverted U’s, is closed by 
mercury. Care must be taken to close the 
ends of the inverted U’s with small bungs 
during weighing, and to see that no globules 
of mercury are adhering to the glass. The 
connecting tubes C between the drying tubes 
should be glass and as short as possible. 

Two drying tubes must be used, and weighed 
separately before and after the experiment ; 
the first will, when in good order, entirely 
absorb the moisture, but if the air is passed 
with too great rapidity, or if the acid had 
become too dilute by continued use, the 
second tube will make the fact apparent. A 
thermometer X to determine the temperature 
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of the air passing into the tubes is also 
necessary. 

To take an observation, the tubes are 
weighed and placed in position, the vessel A 
filled with water, the syphon tube filled, and 
the tube at the end of the drying tubes closed 
by means of a pinch-tap. Then, on opening 
the tap at T, no water should flow out ; if 
any does, there is some leak in the apparatus 
which must be made tight before proceeding 
further. When assured that any air supplied 
to the aspirator will pass through the drying 
tubes the observation may be begun. The 
water is run out slowly (at about the rate of 1 
litre in ten minutes) into a litre flask, and when 
the latter is filled up to the scratch on the neck 
it is removed and weighed, its place being taken 
by another flask, which can go on filling 
during the weighing of the first. This is re- 
peated until the aspirator is empty, when, the 
weight of the empty flasks being ascertained, 
the total weight of water thus replaced by air 
can be found. The height H of the barometer 
must be determined at the beginning and end 
of the experiment. During the observation 
the thermometer X must be read every ten 
minutes, and the mean of the readings taken 
as the temperature t of the entering air ; 
the thermometer in the aspirator must be 
read at the end of the experiment ; let the 
reading be t. If the aspirator A is but small, 
it can be refilled and the experiment repeated. 

Let to be the increase of weight of the tubes 
D, D, and V the volume of the aspirator at 
its final temperature T°, B the barometer 
pressure, e the pressure of water-vapour to 
be found, E the M.V.P. at T°, p the density 
of dry air at 0° 0. and 760 mm. to the tempera- 
ture of the moist air, <r the specific gravity of 
steam referred to dry air at the same tempera- 
ture and pressure. Then it may be shown that 

e _760 w (1 + aT) 

4 ^ B-E - 

The drawback to this method is that it takes 
some time, and gives only an average value 
of e during the experiment. 

§(13) The Volumetric Method. — The 
volume of water-vapour in the air may be 
ascertained by absorption with a drying agent 
such as strong sulphuric acid or phosphorus 
pentoxide. Let the volume absorbed at a 
pressure P be v, and let the whole volume of 
the moist air at the same pressure be V. 
Then by Dalton’s law the fraction v/V of P 
represents the partial pressure of the water- 
vapour. Various forms of apparatus, some 
portable for use in the open air, have been 
devised, notably that of Schwackhofer. 
These are described in the treatises on Meteoro- 

logy- 

(i.) Norman Shaw's Apparatus. — We shall 
describe an improved form of the apparatus. 


due to W. Norman Shaw, 1 which has a 
compensating bulb which makes it independent 
of small variations of temperature and pressure. 
Its readings were found to be in close agree- 
ment with those obtained by the gravimetric 
absorption method. It consists of four equal 
bulbs A, B, C, D, joined as in Fig. 14. E is a 
three-way cock, and 
E and G two taps. 

C is the measuring 
bulb with a narrow 
graduated tube 
sealed in to its base. 

H and K are mov- 
able mercury reser- 
voirs. In the limb 
at M is a light non- 
volatile liquid, high 
boiling-point paraffin 
being suitable. This 
gauge acts as an indicator of the equality of 
pressui'e in the bulbs C and D. The apparatus 
is used thus. The three-way cock E is set 
so that the air to be tested can be drawn in 
by lowering the mercury reservoir K. to some 
division on the graduated portion, the taps E 
and G being open. The taps E and G are now 
closed. The three-way cock is now set so 
that the moist air can be passed into the acid 
chamber A, and this is done by manipulat- 
ing the reservoirs K and H. After a few 
minutes, depending on the size of the apparatus, 
the absorption of the water-vapour by the 
acid is complete. Then the gas is passed back 
into the measuring bulb. The acid must not 
be raised above some mark near the three-way 
cock, and on no account must be allowed to 
get into the tube through which the air is 
drawn in. After the air has been passed 
into C, the tap F is opened and K is adjusted 
until the liquid in M is at the same level on 
both sides of the gauge. The diminution of 
volume read on the graduated tube gives the 
volume of water- vapour in the original volume 
of moist air. 

It will be obvious how the bulb D acts 
as a compensator for small pressure and 
temperature changes. Of course the usual 
precautions taken in gas analysis should be 
observed. W. Norman Shaw gives a table 
to show the satisfactory performance of his 
apparatus in comparison with other hygro- 
metric methods. 

(ii.) Professor Tyndall's Apparatus . — Another 
instrument 2 which depends on the measurement 
of the change of pressure produced by drying 
a closed volume of the air under test has been 
devised lately by Professor Tyndall and the 
late Mr. Mayo. The air is contained in a brass 
tube ordinarily open at both ends {Fig- 15) ; 
the tube is connected to a pressure gauge. 

1 Trans. Hoy. Soc. Canada , 1010. 

8 Proc. Phys. Soc. xxxiv. p. lxvii. 
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A hollow brass plunger with, perforated ends 
fits loosely in the tube and can be made 
to slide from end to end by tilting it. The 
plunger is loosely packed with glass - wool 
which has been previously dipped in powdered 
phosphorus pentoxide. No P 2 0 5 is placed 



on the glass-wool at the ends of the piston, 
and its sides are protected by a glass sleeve. 
To use the instrument the ends of the cylinder 
are securely closed by close-fitting plugs, 
and by means of a tap the pressure inside is 
brought to the* same value as that of the 
outside air ; the tap is closed and the cylinder 
tilted two or three times backwards and 
forwards. The air is dried by its passage 
through the glass-wool and the fall in pressxxre 
measured on the gauge. From this and a 
knowledge of the relative volumes of the wet 
air originally in the cylinder and the dry 
air in the plunger the humidity can be 
calculated. 

§ (14) Humidity and Hygroscopic Sub- 
stances. — To understand the influence of 
humidity on manufactures it is necessary 
to consider in some detail the properties of 
hygroscopic substances. Let us begin with 
the cases of wool and cotton. What will be 
said about these substances will apply in 
a general way to all vegetable and animal 
products. The case of wool has been examined 
carefully by Professor F. T. Trouton. 1 He 
exposed carefully dried flannel to water- vapour, 
and measured the amount of water absorbed. 
Between 4°-8 O. and 18°-2 0. he found that 
the weight of water absorbed depended on the 
relative humidity only, and not on the 
temperature. This result is in accordance 
with theory ; and we may regard this law 
as definitely established. As to the weight 
absorbed when the flannel was exposed to 
atmospheres of varying humidity, he found 
that from 100 per cent humidity down to 
47-4 per cent the weight W absorbed at a 
certain percentage humidity was given by 
the formula ( W x - W) 2 = constant x ( 100 — per- 
centage humidity), where W x is the weight 
absorbed in a saturated atmosphere. In 
other words, the relationship between the 
humidity and weight of water held was 
parabolic. It should be noted that the 
experiments do not extend to low humidities, 

1 Proc. R.S., 1906, lxxvii. 292. 


and that the dry flannel was brought to its 
equilibrium condition by absorption. 

As regards cotton the most recent and care- 
ful experiments are due to Orme Masson. 3 
Masson’s earlier work was concerned with 
the change of temperature when dry cotton- 
wool was placed in saturated air. We have 
already noted that cotton heats itself when 
absorbing moisture. The later experiments 
were devoted to ascertaining the weight 
absorbed by initially dry cotton in air of a 
given humidity, or the weight which remains 
in initially saturated cotton- when exposed to 
the same humidity. The equilibrium state 
in each case is reached slowly ; in fact, so 
slowly that Masson did not wait for what 
he supposed would be an identical state by 
either process. He contented himself by 
finding the average between the results 
reached in a certain time by absorption and by 
evaporation. Cellulose in the form of filter 
paper was also examined. Below {Fig. 16) is 



shown in a diagram the result of plotting 
separately the results by evaporation and by 
absorption. Masson’s curve as the mean would 
come between the two curves. It is doubtful 
whether he was justified in taking the mean, 
as it is possible that the equilibrium reached 
by the two methods might be different. There 
are other instances of different equilibria when 
dealing with other properties of collodial 
substances. For the manufacturer, as there 
is not much difference between the two curves, 
the mean will probably suffice. Curves 
similar to the mean curve of Masson had been 
obtained by Schloesing (1893), Hartshorn e 
(1905), and others for cotton, hemp, flax, * 
jute, and wool. 

The effect of humidity is to prevent evapora- 
tion of the moisture in the material, and 
to prevent electrification by friction during 
the processes of spinning and weaving. Ex- 
periment has shown that cotton and flax 
are stronger when they have absorbed moist- 
ure, and that there is in consequence less 
chance of breaking the threads ; whilst wool 

2 Proc. R.S. lxxiv. 230, and 1907, lxxviii. 412. 
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apparently becomes slightly weaker. The 
conductivity for electricity is increased with 
the amount of absorbed water and any 
electricity generated can escape readily. 
Microscopic examination of the threads spun 
in an atmosphere of high relative humidity 
shows a more compact structure. For the 
purpose of raising the relative humidity 
processes of adding moisture to the air in the 
workrooms are resorted to, and the air is said 
to be cc conditioned.” 

§ (15) Humidity and Ventilation. — 
Water-vapour may be added to the air by 
two methods : (1) by introducing liquid water 
either in bulk or in fine drops and allowing 
it to evaporate, and (2) by sending in jets of 
steam.. The methods in use belong either to 
one class or are mixed processes belonging to 
both. Very often systems of ventilation and 
heating are combined with the operation of 
humidifying. The climate of the place and 
the health of the operatives must be taken 
into consideration. It is not surprising, 
therefore, that with varying conditions many 
different processes have been advocated and 
that the question has been the subject of 
much legislation. 

We shall now give a brief general discussion 
of the two methods of introducing moisture. 
In (1) pure cold water is introduced, preferably 
in small drops. These drops form a cloud 
which fades away by evaporation. There 
will be a cooling effect, just as the wet bulb is 
cooled, and as there is convection the law for 
the wet bulb p x -p 0 ~ (PS^/Lcr )(0 0 - #i) will 
determine the exchange of water- vapour and 
of heat. The effect is analogous to the cooling 
caused by rain on a sultry day, or to that of a 
fountain playing in a warm room. The cooling 
is due to the absorption of the latent heat of 
evaporation. 

In (2) steam is introduced and mixed with 
the air. If the steam is entering at low pres- 
sure it will behave like steam coming from 
the spout of a kettle. For a short distance 
from the nozzle it remains gaseous and 
invisible. Then condensation occurs to a 
cloud of drops, which may fall as rain or may 
fade away by evaporation, and provided 
there is no net condensation we' may reach a 
similar state of humidity with the important 
difference that we have brought into the 
chamber the total heat of steam from outside., 
and have not taken it from the air in the 
chamber. 

Now it would appear at once that in a hot 
climate the first process has the advantage, 
whereas in a cold climate the advantage might 
be with the second. Summer and winter 
may likewise change the advantage ; so too 
might a change of wind from east to west. 

The Second Report of the Departmental Com- 
mittee on Humidity and Ventilation in Cotton 


Weaving Sheds of the Home Office, 1911 (Od. 
5566), deals with the conditions, etc., in the 
trade. It contains an Appendix by Sir Henry 
Cunvnghame on Hygrometers. He describes 
two "differential hygroscopes and gives recom- 
mendations as to the placing of hygrometers. 
He draws attention to the influence of draughts, 
and the position in the weaving shed "on the 
readings of the wet and dry bulb hygrometer. 



A standard form (Fig. 17) of the latter to be 
used by weavers is described in the Report. 

§ (16) Humidifiers. — We shall now describe 
very briefly a few methods adopted in factories 
for humidifying the air, commencing with two 
methods in which cold water is u atomised.* 

(i.) Mather and Platt's Vortex System . — 
This consists in placing at intervals, and at a 
convenient height above each floor, a number 



Fig. 18. 


of cylinders (Fig. 18), and connecting them 
by piping to a pump, by which they are sup- 
plied with water under pressure. The cylinders 
are the humidifiers proper, and are so con- 
structed and connected that, all the water not 



430 


HUMIDITY 


actually diffused — as exceedingly fine spray — 
into the atmosphere flows back to a central 
system of tanks to be filtered and screened 
before further service. 

The tanks, two in number, are fixed at a 
slightly lower level than the humidifiers, to 
ensure the return to them of the whole of the 
surplus water from the machines. 

The water from the pump passes, in the first 
instance, through a large filter on the main 
delivery pipe, thence along the distributing 
pipes to the self-cleansing filters, one of which 
is attached to the side of each humidifier ; this 
final filtration catches any particles of dirt and 
fibre which may have escaped the main filter. 
The water now enters the humidifiers, and is 
expelled from an interior spraying nozzle in a 
jet at a pressure of about 135 lbs. per sq. in., 
and impinges immediately on the flat end 
of an adjustable hardened nickel pin. The 
result of the impact is that the jet of water 
splits into an on-rushing cone of fine spray, 
which, extending to the sides of the cylinder 
and moving at high velocity, creates a partial 
vacuum in the upper interior sufficient to 
induce a strong current of air to pass through 
the bath of water spray. This cold douche 
saturates and cools the air, and in addition 
removes from it much of the suspended 
dust and fibre; hence the air expelled from 
the lower part of the machine into the room 
is cooled and cleansed as well as humidified. 

(ii.) Smetkurst System . — In the Smethurst Air 
Fountain System (Fig. 19) a controlled thread 



Fig. 19. 


of water under pressure is impinged upon by a 
jet of compressed air, which expanding breaks 
up the water, and the surrounding air absorbs 
it without precipitation at any of the tempera- 
tures experienced in the milis. The diagram 


serves to illustrate the action of the apparatus, 
which is very like the ordinary swaying 
bottle used for scent. The jets are distributed 
about the working room in order that a large 
bulk of air may be conditioned. ^ ° ' 

(iii.) Eowarth’s Champion System. In this 

system (Fig. 20) the air, after cleaning and 
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conditioning, is distributed through the 
workroom by graduated conduits. The air 
is treated in a special chamber by jets of 
steam and sprays of water. Any free water 
is removed by an eliminator. The diagram 
shows the course of the air and its treatment. 
The process obviously combines ventilation 
with conditioning. 

§ (17) Water-vapottr in the Atmosphere. 
— In the lower portion of the atmosphere to 
a height of some 10 kilometres clouds exist, 
and various forms of precipitation occur. 
This portion is called the troposphere, 1 and in 
it the temperature falls from the surface 
upwards by the adiabatic law for a rising and 
expanding gas to a tem perature of about 2 15° A. 
in January at 11 kilometres. In the upper 
part of the atmosphere, the stratosphere, up 
to some 40 kilometres the temperature remains 
about the same, 221° A. having been observed 
at 36 kilometres. 

In the lower part where precipitation occurs 
the air may have any value of humidity 
varying from dry to saturation, but of course 
the absolute value of the density of the 
moisture will depend on the temperature, 
which, as we have seen, is in general falling as 
we ascend. 

1 See “ Atmosphere, Physics of.” 
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The following table shows the M.V.P. of 
ice at temperatures below 0° C. : 


Temperature °C. 
(Hydrogen Scale), 

Temperature A°. 

Pressure in 
mm.* 

0° 

273° 

4*579 

-10 

263 

1*974 

— 20 

253 

0*787 

— 30 

243 

0*292 

-40 

233 

0*105 

-50 

223 

0*034 


* Scheel, Verh. D. Phys. Ges 1903, y. 


s. s. 

Hydbometee : 

Constant volume. See “ Hydrometers/’ § (8). 
Correction to readings for variations in 
temperature. See ibid. § (7). 

Equilibrium of a floating. See ibid. § (3). 
Metal. See ibid . § (16). 

Specification for glass. See ibid . § (15). 
Standardisation of. See ibid. § (12). 

Testing of. See ibid. §§ (12) and (13). 


HYDROMETERS 

§ (1) Genebal Discussion. (i,) Pattern of 
Hydro?neter . — The type of hydrometer which 
is in most common use is that shown in Fig . 1. 

It consists simply of a glass bulb 
A, below which is a smaller bulb B 
loaded with mercury or lead shot 
so that the instrument floats with 
its axis vertical. Above the bulb 
A is a glass tube C enclosing the 
scale of the hydrometer, and the 
whole instrument is hermetically 
sealed. 

The essential function of such 
an instrument is the determina- 
tion of the density of liquids. If 
^ we neglect for the moment the 

' comparatively small effects due 
to the surface tension of the 
liquid in which the hydrometer 
is immersed, and to the buoyancy 
effect of the air surrounding the 
emergent portion of the stem, 
then the condition of equilibrium 
Fig-. 1 . of the floating hydrometer is 
simply that the mass of liquid 
displaced up to the intersection of the level 
liquid surface with the stem of the hydrometer, 
is equal to the mass of the latter. The mass 
of the hydrometer is a constant. If it is being 
used at a definite temperature the volume up 
to any specific graduation mark on the stem 
is also constant. Thus the indication of the 
hydrometer is a direct measure of the mass of 
liquid contained in a certain definite volume, 
Le. is directly proportional to the density of 
the liquid at the temperature at which it is 
being examined. 



If the graduations are laid down on the 
stem of the hydrometer in such a way that 
the volumes up to consecutive marks increase 
in harmonical progression, then the distances 
between the graduations will correspond to 
equal increments in density. 

This is theoretically the simplest, most 
fundamental, and scientifically the best method 
of graduating hydrometers. It has a con- 
siderable vogue on the Continent and has been 
officially adopted by the Meteorological Office 
in Great Britain. 

(ii.) Special Methods of Graduation. 1 — In in- 
dustry, however, the property of a liquid 
which it is desired to measure by means of a 
hydrometer is usually not the density, but 
some other more or less directly related pro- 
perty, frequently percentage composition. As 
a result of this many different methods of 
graduating hydrometers have been introduced 
from time to time. For very rough work there 
may sometimes be an advantage in a hydro- 
meter graduated to indicate directly the par- 
ticular property of the liquid in which the 
user is directly concerned, e.g. in a hydrometer 
graduated to indicate percentages by weight 
of sugar in a sugar solution. Such instru- 
ments, however, can only be accurate at one 
particular temperature, and in most cases the 
necessity arises sooner or later of using tables 
of correction in conjunction with the hydro- 
meters. Once this necessity arises, it is equally 
easy and more satisfactory for all purposes to 
use a standard type of instrument, graduated 
to indicate densities. 

The indication of the hydrometer is then a 
definite thing, depending solely on the tem- 
perature at which it is used, and, except for 
the slight effects of surface tension, independent 
of the influence of variations in the character 
of the liquid in which it is used. 

(iii.) Hydrometer Tables . — The whole of the 
information which concerns the liquid should 
be incorporated in tables co -relating density 
at various temperatures with the property of 
the liquid with which one is concerned. It 
then becomes possible to prepare either the 
hydrometer or the tables independently of 
each other. 

Otherwise the hydrometer maker has to 
assume certain properties of the liquid in 
which his instrument will be used, and neither 
he nor the user has any guarantee that the 
liquids do actually correspond to the assump- 
tions made. But if a hydrometer indicating 
densities is emioloyed the maker has a definite 
standard to aim at, and the user has only to 
assure himself that he has tables suitable to 
the particular liquids with which he is con- 
cerned. 

Reliable data for constructing tables co- 
relating the density of certain liquids, in con- 

1 See also " Alcoholometry ” and “ Sac ch ar om e tr y . ’ * 
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nection with, which hydrometers are exten- 
sively used, with their density at various 
temperatures is already available. For ex- 
ample, there is the work of the Bureau of 
Standards on alcohol-water mixtures, 1 and 
that of the Reichsanstalt on sugar solutions. 2 

The tables should relate solely to the properties 
of the liquid concerned, and would then be of general 
application. Many existing hydrometer tables 
incorporate allowances for the expansion of the 
hydrometer and are therefore limited in application 
to hydrometers made of a particular material. For 
example, when glass Sikes hydrometers were adopted 
for revenue purposes in India it was necessary to 
reconstruct Sikes Tables which can only be true 
for the particular type of metal instrument for which 
they were originally constructed. 

While hydrometers indicating densities are prefer- 
able to those indicating directly the property of 
the liquid in question, e.g. percentage composition, 
they have even greater advantages over hydrometers 
with arbitrary scales. 

The disadvantages of hydrometers with arbitrary 
scales are well illustrated by the Baum6 hydrometer. 
The originator of the Baume scale was a hydrometer 
manufacturer who adopted the following basis for 
the scale of his instruments : 

For liquids lighter than water the point at which 
the hydrometer floated in water was taken as 10° 
and that at which it floated in a 15 per cent 
salt solution as 0°. The distance between these 
two points was divided into equal lengths and the 
scale continued beyond the 10° point by similarly 
spaced graduation marks. 

A second hydrometer for use in liquids heavier 
than water was constructed on the following basis : 

Water was taken as the zero point, and the point 
at which the hydrometer floated in a 15 per cent 
salt solution was taken as 15°. The interval was 
divided equally as with the light hydrometer and the 
scale continued below tne 15° point by equally spaced 
graduation marks. 

Note that one instrument indicates 10° in water 
and the other 0°. However, Baum6’s hydrometers 
became extensively used, and, as was only to be 
expected, the need arose for knowing the equivalent 
density corresponding to degrees on the Baum6 
scale. Consequently in an attempt to define the 
scale precisely formulae of the type 

A 

B+n 

where 5= the density equivalent to the Baume 
reading n and A and B are constants, were suggested. 
The present writer found no less than five different 
formulae for the heavy hydrometer, and four for 
the light hydrometer, in a single reference book. 
The attempt to define the Baume scale has thus 
simply resulted in further confusion. 

Again, tables have been drawn up co-relating 
percentage compositions of various liquids, e.gr. sugar 
solutions, against Baume degrees. The tables are 
of necessity primarily based on the variation in 

1 Bulletin of the Bureau of Standards , ix. No. 3 ; 
see also Circular of the Bureau of Standards , 1916, 
No. 19. 

2 Plato, TFfss. Abh . der Kaiserlichen Normal - 

Eichungs-Kommission , 1900, ii. 140. 


density with composition, and in compiling them 
some relation between Baume degrees and density 
had to be assumed. The particular assumption 
made is not always stated, and even where it is the 
user has rarely any guarantee that his particular 
Baume 3 hydrometer was constructed on the same 
assumptions. 

The advantage of using hydrometers indicating 
densities directly, whose basis is unequivocally 
defined, is obvious. 

§ (2) Specific Gravity Hydrometers. — A 
particular class of hydrometer which is largely 
used and which differs but little in principle 
from the density hydrometer is the specific 
gravity hydrometer. In the former the 
readings give directly the mass per unit 
volume of the liquid, whereas in the latter 
they give the ratio of this quantity to 
the corresponding mass per unit volume of 
water at the same temperature ; or, more 
simply, the ratio of the masses of equal 
volumes of the liquid and of water at the 
same temperature. 

In the early days of hydrometers there was, 
no doubt, considerable advantage in this type 
of instrument, since the latter ratio is more 
susceptible of direct measurement than is true 
density. The density of distilled water at 
various temperatures has now, however, been 
most carefully investigated and tabulated, 4 and 
since the specific gravity of a liquid is merely 
the ratio of the density of the liquid to that 
of water at the same temperature, the one 
quantity is now as easily determined as the 
other. Specific gravity hydrometers have, 
therefore, no particular advantage over density 
hydrometers. 

Again, there is a distinct tendency at the 
present time for the results of investigations 
concerning the specific gravity of liquids tb be 
given relative to water at 4° CL as basis, 
instead of relative to water at the same tem- 
perature at which the liquid is investigated. 
Such specific gravities are of course identical 
with densities expressed in grammes per milli- 
litre (gm. per ml.). It was formerly more 
customary to express the results relative to 
water at the same temperature as the liquid 
under investigation. 

A replacement of specific gravity hydro- 
meters by density hydrometers would be in 

3 Apropos of Baumd hydrometers the following 

quotation is not without interest : " . . . in the 

case of oil, the common expressions * higher gravity ’ 
and ‘ lower gravity ' have directly opposite meanings, 
depending on whether the specific gravity or Baume 
gravity is referred to. The first time this came to 
the writer’s attention was when some 37 years ago 
he heard two oil manufacturers spend much of an 
afternoon talking at cross purposes, because when 
one spoke of certain equipments giving a higher or 
lower gravity in the product, the speaker had in 
mind specific gravity, while the other, who was 
unable to agree with the views expressed, understood 
Baum6 gravity to be meant.” Jour . of Ind . and 
Eng . Chem June 12, 1920. 

4 P. Chappuis, Trav . et M4m , 1907, xiii. 
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agreement with the above tendency towards 
uniformity. 

There is a convention established in connection 
with specific gravity hydrometers which is worthy 
of notice. A liquid of specific gravity, say 1*035, is 
spoken of as being 1035° specific gravity. Since the 
third decimal place is the last which is of significance 
in many cases, the use of cc degrees 55 with the accom- 
panying suppression of the decimal point is often a 
convenience. 

If densities are expressed in gm. per litre the need 
for introducing the decimal point similarly disappears. 

§ (3) General Equation of Equilibrium 
of a Floating Hydrometer. — Consider a 
hydrometer floating stationary in a liquid and 
having its stem partially submerged. 

Let M gm,=»mass of the hydrometer in vacuo, 

V c.c. = volume of the submerged portion 
of the hydrometer, 

v c.c* —volume of the portion of the 
hydrometer stem not sub- 
merged, 

p gm./c,c. =the density of the liquid in which 
the hydrometer is floating, 
cr gm./c.c. =«the density of the air, 

T dynes/cm. =the surface tension of the liquid, 
a —angle of contact of the liquid 
surface and the hydrometer 
stem, 

d cm. = diameter of the stem of the 
hydrometer. 

The forces acting vertically downward on 
the hydrometer are 

Mgr + TrdT COS a, 

and those acting upward 

, T TrdT cos a 

Vpg+vag + eg. 

Equating these we have 

-- irdT TT , TrdT 

M-b — cos a=Vp + wH COS acr. 

g gp 

When the liquid wets the stem of the 
hydrometer, and reliable readings cannot be 
obtained unless this is the case, the angle a 
vanishes and cos a is unity ; we have then 

M+— — =Vp + <r|- tH l 

g r L g? J 

For many purposes the smaller terms of the 
above equation may be neglected and the 
simple relation 

M = Vp 

be used. 

§ (4) The Scale of a Density Hydrometer. 
— Let D be the density corresponding to the 
highest graduation mark of a hydrometer, and 
let the graduation marks represent equal in- 
crements of density. 

Consider any three adjacent graduation 
marks corresponding to densities of, say, D -h nd, 
D + ( n + l)d, and D + (n + 2 )d respectively, d 


being the increase in density corresponding to 
each subdivision, and D 4- nd being therefore 
the ?z-th graduation mark from D. 

Let V be the volume of the hydrometer 
submerged when the reading is D, Vn similarly 
corresponding to I) -f nd, etc. Then if M is 
the mass of the hydrometer, we have 

M = VD = V w (D + nd) = Vn +:l [D +(» + 1 )d] 

= V„ fa [D + (n + 2)<q, 


whence 


1 _ D + nd 
Vn 


1 D + (zz 4* 1 )d 

v;7x^“ VI> > 

1 _D + (n + 2 )d 

v;; 2 ~“ vd > 

and therefore 

1 i d 1 I 

Vn V n + X ~ Vd V* + 3L V n -\-2 

1 _ l l 1 

V n Vn+i V n4I V n+ a- 


That is, the volumes up to successive gradua- 
tion marks increase in harmonic progression. 
The same relation obviously holds for hydro- 
meters graduated to indicate specific gravities. 
It follows from the above relation that 


V n 


z.e. 


Vn - V* +1 - ^(Vn + 1 » V n+2 ), 

v n i> 2 

V w -Vn +1 >V tt+ i-V„ +ft . 


That is, the graduation marks corresponding 
to equal increments in density become pro- 
gressively more closely spaced towards the 
lower end of the scale. 

The exact spacing of the graduation marks 
on a density hydrometer may be readily de- 
termined, assuming the stem to be of uniform 
cross section. 

Let c?!— the density corresponding to the 
highest graduation mark on the 
stem (Fig. 2), 

d 2 — the density corresponding to the 
lowest graduation mark, 

<l~ any intermediate density, 
v x *» volume of the portion of the stem 
between d and d x , 

v 2 = volume of the portion of the stem 
between d and 

V = volume of hydrometer below d 2 , 

M — mass of hydrometer. 

Then 

M = cZ 2 V = d( V + v 2 ) = d x ( V + v a + «i)- 
Eliminating M and V we obtain 

v x ^ d — dy 

v 2 4- v x ~~ d m d % ~ d x 

nr , f i ^2 — 

and V.-Y-V X ~ d ‘ dm — 

Assuming the stem to be of uniform cross section, 

2 p 


d 



Fig. 2. 


vol. in 
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we may substitute L for v x -\-v 2 , l for v v and V for v 2 
in the above relations, 

where L= distance between the marks d x and d 2 , 

Z= distance between the marks d and d x , 

1/ = distance between the marks d and d T 


We thus obtain 

Z = L. 


d 2 d — d x 

d * ar^di 


and 


l' = lA 


d /5 — d 


d m d % ~ d x 


Either of the above relations serve to locate 
the position of the graduation mark corre- 
sponding to the density d, the distance 
apart, L, of d x and d 2 being known. It is 
obvious that, given the densities corresponding 
to any two points on a hydrometer and their 
distance apart, similar relations may be 
deduced to locate any density included in the 
range of the instrument, whether this density 
is intermediate between the two known 
densities or outside them. 

By means of the first of the above equations 
we may calculate the following table for two 
hydrometer scales ranging respectively from 
1-000 to 1-200 and 1-800 to 2 - 000 , assuming the 
total scale length to be 200 mm. in each case : 


Length 1-000 to 1*050= 57*1 mm. 
„ 1*000 „ 1*100 = 109*1 „ 

„ 1*000 „ 1*150 = 156*5 „ 

„ 1-000 „ 1-200 = 200-0 „ 

„ 1*800 „ 1-850= 54-1 „ 

„ 1*800 „ 1*900 = 105-3 „ 

„ 1*800 „ 1*950 = 153*9 „ 

„ 1*800 „ 2*000 = 200*0 „ 


A complete master scale giving the distance 
of each graduation mark from the highest 
mark can of course be drawn up in the same 
manner as above. The above table serves 
to show to what extent the scales of the two 
hydrometers, each covering a range of density 
equal to 0 - 200 , differ from each other. 

It might be noted in passing that a scale ranging 
from, say, 0*900 to 1*000 and divided into intervals 
corresponding to 0*001 would be identical with one 
ranging from 1*800 to 2*000 and divided into intervals 
corresponding to 0*002, provided that the over-all 
lengths were the same. By the application of this 
fact the use of liquids of high density, which are 
often unpleasant to handle, may be minimised in the 
construction of hydrometers indicating high densities. 

An interesting result follows immediately from 
the relation 

jr ^2 d—d x 

d * d 2 -d x 


Suppose that d x and d % be two chosen densities and 
that the distance between these points is divided into 
N equal parts. Let the density d be n divisions 
from d x . Then clearly 


?i= N. 


d 2 
~d ' 


d — d x 
d% — d x 


or 


n=J ST. 


d 2 

d 2 d x 



If N, d v and d 2 are assigned definite values we may 
write 


71 = B — 


A 

d 9 


B and A being constants equal to ’Nd 2 /(d 2 — d x ) and 
N d 2 d x /(d 2 ~~ d x ) respectively. 

We may rewrite the above equation thus 


which is the familiar form of equation used to express 
the relation between degrees on arbitrary equally 
spaced hydrometer scales and their corresponding 
densities. 

§ (5) Dimensions oe the Stem.— Closely 
related to the problem of hydrometer scales 
is the question of choosing suitable stems 
for bulbs of given displacement and vice versa. 
If M is the mass of a hydrometer, V the volume 
submerged when it is reading d x , d L being the 
density corresponding to the lowest graduation 
mark, and v the volume of the stem between 
the highest and lowest graduation marks, 
then we have 

M =d x V=d 0 (V + v), 

d 0 being the density corresponding to the 
highest graduation mark. From the above 
equations it follows that 

v = ~ d °v. 

d x - d 0 d 0 


Consider two hydrometers, one of range 1-000 
to 1*050, and the other 1-800 to 1-850. In the 
first case 

V = 20^ or v = ^0 V, 
and in the second case 


V = 36?; orv = ^V. 

Consequently, if bulbs of equal displacement 
were used for the two hydrometers of the 
above ranges, and the stems were equal in 
diameter, then it follows that the distance 
between the 1-800 and 1-850 marks would be 
only f-fths of that between the 1*000 and 
1*050 marks. If the same openness of scale 
were desired in the two instruments the bulb 
of the 1-800 to 1-850 hydrometer would have 
to be times as large as the bulb of the 
1-000 to 1-050 hydrometer, provided the 
same diameter of stem were used in each 
case. On the other hand, if bulbs of equal size 
were used, then to give an equal over-all length 
for each scale the diameter of the stem of 
the 1-800 to 1*850 hydrometer would have to 
be \/f§, i.e. 0*745 times the diameter of the 
stem of the 1-000 to 1-050 hydrometer. 

§ (6) Standard Temperature eor Hydro- 
meters. — Owing to the changes in volume 
arising from temperature variations in the 
material ^ of a hydrometer, the indications 
of the instrument correspond to varying 
densities at different temperatures. Hence 
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it is necessary to specify the temperature 
at which a hydrometer is to be used. This 
temperature we will term the “ standard ” 
temperature of the hydrometer. 

A very great variety of standard tempera- 
tures are in use. In this country 60° E. is 
perhaps the commonest ; 85° E. is a usual 

temperatux-e for instruments used in India ; 
20° Cl is commonly used in America ; 15° C., 
17-5° Cl, and 20° C. are of frequent occurrence 
on the continent. Again, for hydrometers 
intended for special purposes standard 
temperatures approximating to the normal 
conditions of use are adopted, e.g. in the 
case of hydrometers used for determining 
the density of boiler water 200° E., 90° C., 
and 100° E. are frequently met with. 

§ (7) Temperature Corrections. (i.) 
Density Hydrometers. — The corrections to be 
applied to a hydrometer when used at tempera- 
tures other than its standard may be readily 
obtained in the case of density hydrometers 
as follows : 

Suppose a hydrometer to be reading n gm. 
per ml. in a solution at the temperature t° Cl, 
t° C. being the standard temperature of the 
insti'ument. Then we have 

M = wV, 

M being the mass of the hydrometer and Y 
the volume of liquid displaced when the 
hydrometer reading is n. 

Now suppose the hydrometer to bo again 
reading n, but this time in a liquid whose 
temperature is t'° C., and let x be the correction 
which must be added to n in order to give the 
density of the second liquid in gm. per ml. 
at t'° 0. In this case we have 

M = (n -I- x) V[ 1-1- 

a being the coefficient of cubical expansion 
of the material of which the hydrometer is 
constructed. Hence 

or since a is small we have very approximately 
35= — na(t' - i). 

In the case of glass hydrometers a ==0*000026, 
and therefore a correction of from 2 to 5 (according 
to the value of n) units in the fifth decimal place 
must be subtracted from the observed reading for 
each degree centigrade above the standard tempera- 
ture, and the same amounts added for temperatures 
below the standard temperature. Now a variation 
of about five units in the fourth decimal place is 
negligible in most cases where hydrometers are ex- 
tensively used. It follows, therefore, that a density 
hydrometer may in such cases be read at any tempera- 
ture within about 10° O. of its standard temperature, 
and its indications will give the density of the liquid 
in which it floats to a sufficient degree of accuracy 
without the necessity for applying any temperature 
correction. 


(ii.) Specific Gravity Hydrometers . — In the 
case of specific gravity hydrometers the 
temperature correction may be similarly 
obtained. Let s be the reading at t° C. of a 
hydrometer indicating specific gravities cor- 
rectly at t° G. relative to water at t° C. as 
unity. In this case we have 

M = Vs/> fo 

M being the mass of the hydrometer, Y the 
volume of liquid displaced at t° 0. when the 
reading is s , and p t the density of water at 
t° C. 

Consider the hydrometer to be placed in a 
liquid whose temperature is t'° 0. and such 
that the hydrometer reading is again s . If 
x be the correction to be applied to the 
reading s to give the specific gravity Sp of 
the liquid we have t' 

M = (* + a?)V[I + a(t' - «)]/>*% 

a being the coefficient of cubical expansion 
of the material from which the hydrometer 
is constructed, and p t > the density of water 
at t'° C. 

From the two above equations we obtain 

x ^ s V Pt '[i+ P f-ty\~ *]’ 

from which it is clear that the expansion 
of water has to be taken into account, as well 
as the expansion of the hydrometer, in 
determining the value of x. 

The temperature corrections are therefore 
much larger than in the case of density 
hydrometers. For instance, a specific gravity 
hydrometer reading Soo° F. = 1*150 correctly 

60 5 F. 

at 60° F. will require a correction of +0*003 
when reading 1*150 at 85° F. in order to 
give the specific gravity Sg 5 ° p, of the liquid. 

wnr. 

Specific gravity hydrometers, therefore, only 
indicate specific gravities correctly when used 
at or near their standard temperatures. Com- 
pare this with the case of density hydrometers 
dealt with previously (§ (7) (L)). 

(iii.) Correction by Variation of Mass . — The 
question of temperature correction to specific 
gravity hydrometers may be looked at from a 
slightly different point of view. Consider as 
before a specific gravity hydrometer to be 
reading ,9, first in a liquid at t° C. and secondly 
in one at t'° C. In each case let s be the 
correct specific gravity, i.e . at t° C., and 

i 

S y at t /0 C. This can be achieved by varying 
t: 

the mass of the hydrometer suitably. Let M 
be the mass of the hydrometer when indicat- 
ing S t at t° O., and m the amount by which it 
t 

must be changed to read Sp correctly at t'° C. 

if 
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Considering the two cases we have 
M =Vspt, 

M+m=V[l + a(i' - t)]-spt', 

p t and p t ' "being the density of water at t and t/ 
respectively. From the above equations we 
obtain 

m=u[ ri , p * A1 - ll. 

The term on the right-hand side of the 
above equation is constant for given values 
of t and f, and is independent of s. Hence, if a 
hydrometer is furnished with a scale which 
indicates S t correctly at t° C., the same scale 
t 

will indicate Sf correctly at t /0 C. provided 

? 

the mass of the instrument is adjusted by the 
amount given by the above equation. A 
similar statement obviously also holds true in 
the case of density hydrometers. 

(iv.) Hydrometers to indicate Percentage 
Composition . — In the case of hydrometers 
indicating percentage composition directly, 
then the expansion of the liquid to which the 
hydrometer relates is an additional factor to 
be taken into account in determining the 
temperature corrections to the instrument. 
For example, take the case of a hydrometer 
graduated to indicate percentages by weight 
of sugar in sugar solutions at t° C. The 
density at t° C. corresponding to each gradua- 
tion mark is known, being, of course, the 
same as the density of the corresponding sugar 
solution. The density at t r corresponding to 
any graduation mark may be calculated from 
the known density at t in a similar manner 
to that adopted in the case of density hydro- 
meters above. The percentage of sugar 
corresponding to the calculated density at 
f may then be determined from the known 
densities and coefficients of expansion of 
sugar solutions. The difference between this 
percentage and that marked on the hydrometer 
for the graduation mark in question gives the 
required correction at t\ 

Although the readings of a hydrometer can only 
be strictly accurate at one particular temperature, 
yet in the manufacture of hydrometers, or in testing 
them subsequently by comparison with a standard 
of known accuracy, it is not necessary that the com- 
parisons should be carried out at the standard 
temperature of the instruments. Provided that two 
hydrometers are made of the same material, the 
difference in their readings will be independent of the 
temperature of the liquid in which they are compared. 
The readings of each hydrometer will be changed by 
the same amount by equal changes in temperature, 
since the instruments being made of the same material 
their coefficients of expansion will be identical. In 
comparing hydrometers, therefore, it is only necessary 
to ensure uniformity of temperature in the liquid 
in which they are compared, the exact temperature 


of comparison being a matter of indifference. This 
of course does not hold true when comparing hydro- 
meters made from different materials, e.< 7 . a metal 
instrument and a glass one. In such cases the 
difference in the readings will not be independent of 
the temperature at which they are compared. 

§ (8) Constant Volumes Hydkometers. — 
The hydrometers hitherto considered have 
been of constant mass and variable displace- 
ment. It is possible to work with constant 
displacement and variable mass. Nicholson’s 
hydrometer is based on this jmnciple. The 
instrument is described in many text-books, 
but it is not, however, used to any large extent 
in density determinations. 

Buchanan used hydrometers based on the 
same principle in an extensive series of density 
investigations. Full details concerning these 
instruments are given in his paper cc Experi- 
mental Researches on the Specific Gravity and 
the Displacement of some Saline Solutions.” 1 

§ (9) Hydrometers with Submebged 
Poised — A well-known example of this type 
of hydrometer is the Bates saceharometer. 
It is a metal instrument with a 
stem of rectangular cross section 
above the bulb, and below the 
bulb a ring is attached by means 
of a short stem. This ring lias a 
tapered hole drilled in it at A 
( Fig . 3), and a number of poises, 
each provided with conical pins, 
may be attached in turn to the 
hydrometer by inserting the pins 
in the hole A. The scale of the 
hydrometer covers a range of 0*03 
specific gravity, and with the 
lightest poise attached readings 
may be obtained over the range 
0*970 to 1-000 ; with the next poise 
the instrument reads 1*000 to 
1*030, and so on up to 1*120 or 
1*150. 

The advantage of this method of 
construction is that an open scale 
instrument covering a considerable range of 
density may be made in a very compact form. 

We will consider in general terms a hydro- 
meter constructed on the above principle. 

Let d x be the density corresponding to the 
highest graduation mark when a particular 
poise is attached, and the density corre- 
sponding to the lowest graduation mark when 
the same poise is attached. When the next 
heavier poise is attached d % is the density corre- 
sponding to the highest graduation mark, and 
if is the density corresponding to the lowest 
graduation mark the poises are adjusted so 
that 

d 2 - d t = - d 2 =‘S say. 

Let M be the mass of the hydrometer, including 

1 Trans. Roy . Soc . Edin 1912-13, xlix. Ft,. I. 1-227. 
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the poise, when the range is from d t to d and 
M + m the mass, again including the poise, 
when the range is d, to d :v Let V he the 
displacement of the hydrometer when reading 
d 2 with the first poise attached, and v the 
volume of the stem from the highest graduation 
mark to the lowest graduation mark. Let 
v' he the difference in volume of the two 
poises. Then when the first poise is attached 
we have 

M=(V+v)d ± = Vd* . . ( 1 ) 

and when the second poise is attached 


M + m = (' V + v - +■ v')d 2 - ( V + v')dp . (2) 


From these it follows readily that v* 

£.e. each poise must have a volume greater 
than that of the preceding poise by an amount 
equal to the volume of the stem between the 
highest and lowest graduation marks. 

Again, from (1) and (2) we have 

M _(V + v)di 
M + m - (V + v')d B 9 


and since v = v r 


m - 


= M 


(h - c h . 


25 

= 


d»i W'x 

and this relation determines the amount by 
which the masses of the two poises considered 
must differ from each other. 


One further point is worthy of notice in connection 
with the above type of hydrometer. The poises may 
be adjusted so that the highest and lowest graduation 
marks are correct for each poise, but the inter- 
mediate graduations can only bo accurate for one 
particular poise. From § (4), p. 434, we have 

d — d x 
d d^d x 

Let us take two cases as follows ; 

Case (I) L » 100 mm., d x * 1 *000, d = 1 *015, d^l -030. 
Case (2) L - 100 mm., d x - 1 • 120, d =» 1 * 135, d 3 - 1 *150. 

The first case gives 2=5 0*74 mm. and the second 
2=50*66 mm., £.<?. the 1-015 graduation mark should 
bo 0*08 mm. further from the 1*000 mark than the 
1*135 mark should be from the 1*120 mark. Hence 
if a hydrometer of the type just considered is gradu- 
ated so that the graduations are correct over the 
interval 1*000 to 1*030, then when the poise giving 
the range 1*120 to 1*150 is used the intermediate 
graduations will not be quite correctly spaced, the 
true position of the 1*135 mark being as we have seen, 
for an over-all length of scale equal to 100 mm., 
0*08 mm. above the mark representing 1 *015 correctly. 
This error, however, only corresponds to 0*000024 
in terms of density and is therefore negligible for 
practical purposes. 

§ (10) Effect of Surface Tension on 
Hydrometer Readings.— When a hydro- 
meter is floating in a liquid the liquid surface 
does not continue to be horizontal up to the 
point of contact with the hydrometer stem. 
Owing to the effects of surface tension a small 
quantity of liquid adheres to the stem of the 


Fig. 4. 


hydrometer and is lifted above the general 
level of the liquid as shown in Fig. 4. There 
is in consequence a downward pull on the 
hydrometer which is equal to the weight of 
the liquid raised above 
the general level of the 
liquid surface. The 
magnitude of this force 
is equal to the product 
of the surface tension — 

of the liquid and the 
perimeter of the stem. 

Thus in the case of a 
circular stem of dia- 
meter d cm. the force is irdTl dynes, 
T being the surface tension expressed in 
dynes per cm. This additional downward 
force may be regarded as an increase in the 
mass of the hydrometer, and we may for 
convenience speak of the term (Md-TrdT/y) 
as the cc effective mass 55 of the hydrometer. 

The indication of a hydrometer in a liquid 
depends, therefore, not only on the density of 
the liquid but also on its surface tension. 
Suppose a hydrometer to be reading n in a 
solution at 60° F. whose surface tension is T, 
and that for this particular liquid n is the 
correct density of the liquid at 60° F. Then 
if M is the mass of the hydrometer 

„ , 7rdT xr 

M + — = n V, 

9 


V being the volume of liquid displaced when 
the hydrometer reading is n. Secondly, if the 
hydrometer is again reading n in a solution 
also at 60° F., but whose surface tension is 
T', let x be the correction to be applied to the 
reading n in order to obtain the correct 
density of the second solution at 60° F. In 
this case 

M + —— =s (n + x) V. 

g 

From the two above equations, 

n + x _ M 4“ (rcdm'lg) 

~n M + (7rrfTA/) 

nird ( T' - T \ 

or x -~ \M + MT/r/)j y 


or approximately 


0^ 


nird 
z Mg 


(T'-T). 


The following example will serve to illustrate 
the magnitude of the surface tension effects. A 
specific gravity hydrometer whose mass is 37 gm. 
and range 1-000 to 1*040 is adjusted to indicate 
Soo° f. correctly in dilute sulphuric acid solutions 

at 60° F. The diameter of the stem being 5 mm. 
and taking 74 dynes per cm. as the surface tension 
of a sulphuric acid solution of specific gravity 
Soo° f, *= 1 030, if 50 dynes per cm. is taken as the 
60 ® F- 



438 


HYDROMETERS 


surface tension of milk, then if the hydrometer is 
reading 1*030 in a sample of milk at 60° F. the cor- 
rection required to give the true specific gravity of 
the milk is 


1*030x3*14x0*5 

37x981 


(50— 74) = — 0-0011. 


Hence a hydrometer of the dimensions and* mass 
given would be 0*001 in error when used in milk 
if it were correct in sulphuric acid. Such a hydro- 
meter would probably be subdivided in intervals 
of 0*001 (Le. in 1° intervals), and so the error in milk 
amounts to one whole subdivision. It is a common 
practice for hydrometer manufacturers to point 
lactometers in dilute sulphuric acid solutions, or 
dilute solutions of salts which have similar surface 
tensions, and it will be seen from the above example 
that the errors so introduced are by no means 
negligible. 

Another example is not without interest. Proof 
spirit is defined as being a mixture of alcohol and 
water which at 51° F. is {-|ths the weight of an 
equal volume of water. Metal Sikes hydrometers 
have a mark on the stem indicating the point at 
which the instrument floats in proof spirit at 51° F. 
when the 60° poise is used. The instruments are 
furnished with a metal cap which fits on to the top 
of the stem and is T \th the combined weight of the 
hydrometer and the 60° poise. The combined 
weight of the hydrometer, 60° poise, and cap is 
hence y-§ths of the combined weight of the hydro- 
meter and the 60° poise. If, therefore, there were 
no surface tension effects, the hydrometer used 
with the 60° poise hut without the cap would 
float at the same mark in proof spirit at 51° F. 
as it would in distilled water at 51° F. when 
used with both the 60° poise and the cap. Owing 
to the effects of surface tension, however, the ratio 
of the u effective masses ” would not be 13 : 12, and 
so different readings would be obtained in distilled 
water and proof spirit. 

The problem of the effects of surface tension 
may be looked at from a slightly different 
point of view. If there are two liquids of 
the same density but having different surface 
tensions, then, as we have seen, a hydrometer 
will read differently in the two liquids. Let l 
be the additional length of the stem above 
the surface of the liquid when the hydrometer 
is floating in the liquid of lower surface tension 
T'. The change in the cc effective mass ” of 
the hydrometer is compensated for by the 
decreased displacement, and hence for a stem 
of diameter d 

~dHn=— (T-T') 

4 g v 1 

or Z = 4(T-T0 

gan 


It is interesting to notice that from the above 
equation and the equation for the correction 
x it follows that, other things being equal, 

d 


and 


Zoc 


1 

d' 


The significance of this may be illustrated by 
the following example. Consider two hydrometers 
of identical range and mass but one having a stem 
whose diameter is twice that of the other. The 
sensitivity (i.e. change in density corresponding 
to unit length of scale) of the hydrometer with the 
smaller diameter of stem will be four times that of 
the other hydrometer, and readings may conse- 
quently be taken to a correspondingly higher degree 
of accuracy. Assume both hydrometers to read 
correctly in a particular liquid of known surface 
tension. If they are placed in a second liquid of 
different surface tension the hydrometers will no 
longer agree. The densities indicated by each will 
be in error, but the error in the case of the hydro- 
meter with the stem of smaller diameter will be only 
half that in the case of the other hydrometer. The 
sensitivity of the former hydrometer is, however, 
four times that of the latter, and hence, although 
the error in the density reading due to surface tension 
in the first case is only half that in the second, yet 
compared with the increased degree of accuracy to 
which readings may be taken on the hydrometer 
with the stem of smaller diameter, the error is of 
more serious consequence. 

§ (11) Errors due to Surface Tefsiof. 
— The influence of the surface tension of the 
liquid in which a hydrometer is floating on the 
indications of the instrument is a very serious 
limitation on the use of the hydrometer for 
determining densities to a high degree of 
accuracy. Slight contaminations of a liquid 
surface may alter its surface tension very 
considerably, 1 and in consequence the indica- 
tions of a hydrometer in a liquid may vary 
appreciably even though the density of the 
liquid remains constant. It is therefore 
essential to observe scrupulous cleanliness of 
the hydrometer itself, of the liquid in which 
it is read, and of the vessel in which the 
readings are taken if consistent results are to 
be obtained. Dilute aqueous solutions are 
particularly liable to give false readings, and 
in distilled water itself it is perhaps most 
difficult of all to obtain reliable hydrometer 
readings. This fact is important, because 
statements such as “ observe the indication 
of the instrument in distilled water ” so 
frequently occur in descriptions of methods of 
graduating hydrometers. Mineral oils, alcohol 
solutions (except when very dilute), strong 
acid solutions, sugar solutions, and sodium 
carbonate solutions are some of the more 
suitable liquids for use in connection with 
hydrometers. 

The following simple criterion as to the 
cleanliness of the stem of a hydrometer and 
the condition of the liquid surface is useful. 
If a hydrometer is submerged a little beyond its 
position of equilibrium and then released, it 

1 § ee Jf* Nansen, Scientific Results of the Norwegian 
North t Polar Expedition 1893-96, London, 1903, 
vol. ni. chap, x., “ On Hydrometers and the Surface 
pension of Liquids,” for an extensive series of 
investigations on the variation in the surface tension 
of liquids. 
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will oscillate up and down for a while* If the 
stem is clean, and the liquid wets it completely, 
the stem of the hydrometer will move through 
the liquid surface during the above oscillations 
without in any way disturbing or deforming 
the meniscus surrounding the stem. If, on 
the other hand, the stem is dirty or not 
completely wetted, then as it passes through 
the surface the stem will drag the meniscus 
out of shape. This effect is generally most 
noticeable when the hydrometer commences 
to descend after reaching its highest position 
during an oscillation. If any such deformation 
of the meniscus takes place it is useless to 
take a reading on the hydrometer. An idea 
of the errors which may arise in such cases 
may be gained from the fact that by manipulat- 
ing a metal Sikes hydrometer in a dilute 
alcohol solution (say 95° Sikes) so as to obtain 
an unfavourable meniscus, it is possible to 
make the instrument read in error by as much 
as 0°*4. 

In order to minimise the errors arising from 
contamination of the liquid surface, it is 
recommended by some authorities that the 
liquid should be allowed to overflow immedi- 
ately before taking a hydrometer reading. 
By this means a newly formed surface is 
obtained which is more likely to be free from 
contamination than the surface obtained 
without overflowing. 

§ (12) Standardisation of Hydrometers. 
— With the exception of the few cases in 
which a particular hydrometer is legalised^ 
as the standard instrument, the standardisa- 
tion of hydrometers primarily depends upon 
density determinations. Arbitrary scales may 
be expressed in terms of density, scales in- 
dicating percentage composition are based on 
the densities of the liquids to which they 
relate, and so on. Generally speaking, the 
standardisation of a hydrometer resolves 
itself into determining the density of a 
liquid and noting the indication of the 
hydrometer in the same liquid and at the 
same temperature, the temperature chosen 
being the standard temperature of the 
hydrometer. 

The arrangement of apparatus illustrated 
diagrammatically in Fig. 5 affords a con- 
venient and accurate method of standardising 
hydrometers. The liquid in which the hydro- 
meter is read is contained in a glass vessel A, 
the front and back faces of which are parallel, 
ground plane, and polished on the outside, so 
that the scale of the hydrometer does not 
appear distorted when viewed through the 
front of the vessel. The vessel A stands 
underneath a balance B. A thin rod O, which 
passes through a hole in the base of the balance 
case and also through a hole in the table 
supporting the balance, is attached to on© 
scale pan of the balance at its upper end, and 


[ carries a hook at its lower end. From this 
hook a plummet D is suspended inside the 
vessel A by means of a thin platinum wire. 
The hydrometer to be standardised, floats 
alongside the plummet, and a thermometer 
is suspended with 
its bulb situated 
near both the 
hydrometer and 
the plummet. 

The vessel A 
should be suf- 
ficiently large to 
allow the con- 
tained liquid to 
b© stirred vigor- 
ously without 
removing the 
hydrometer or 
plummet, the 
beam of the bal- 
ance being, of 

course, arrested 
whilst stirring is 
in progress. 

A convenient 

mode of procedure 

when the standard 

temperature is 

not far removed p ia , tt 5 ^ 

from room tem- 

perature is as follows. The liquid to be 
used is adjusted so that the hydrometer, 

when floating in the liquid at its standard 

temperature, gives a reading close to the point 
at which it is desired to determine the error 
of the instrument. The temperature of the 
liquid is then adjusted, so that it is a few 
degrees centigrade above or below the standard 
temperature of the hydrometer. The tem- 
perature of the liquid will gradually approach 
room temperature, and the initial temperature 
is adjusted so that the temperature of the 
liquid passes through the standard temperature 
of the hydrometer as it rises or falls to room 
temperature. A suitable initial temperature 
having been obtained, the vessel A is placed 
in position under the balance, and the plummet, 
hydrometer, thermometer, and stirrer are 
inserted in the liquid. The level of the liquid 
is then adjusted to a previously fixed position, 
indicated by a mark on the vessel, so that a 
constant length of the wire supporting the 
plummet is immersed. After the plummet and 
hydrometer have had sufficient time to attain 
the temperature of the liquid, the latter is 
thoroughly stirred to obtain uniformity of 
temperature. One observer then determines 
the apparent weight of the plummet. The 
balance case is closed during the final adjust- 
ment of the rider on the beam, and the vessel 
A, being entirely outside the balance case, 
■introduces no disturbing effect on the balance. 
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Whilst the plummet is being weighed, a second 
observer sees that the hydrometer is clear of 
the plummet and in a suitable position for 
him to take its reading. When the first 
observer has adjusted the weights and rider 
so that the balance is in equilibrium, the 
second observer notes the hydrometer reading. 
Temperature observations are taken before 
the balance is adjusted and immediately after 
taking the hydrometer reading. When the 
above observations are complete, the liquid 
is once more thoroughly stirred, without 
removing either the hydrometer, plummet, or 
thermometer, the stirrer itself having remained 
throughout in the liquid. A second set of 
observations is then taken, and so on, until 
the temperature of the liquid is finally as much 
below (or above, as the case might be) the 
standard temperature of the hydrometer as 
it was initially above (or below) this tempera- 
ture. The apparent weights of the sinker 
are then plotted against the corresponding 
temperatures, and a second curve is also 
obtained by plotting hydrometer readings 
against temperature. The distribution of 
the points about the two curves affords a 
valuable indication of the consistency of the 
observations. The apparent weight of the 
plummet and the reading of the hydrometer, 
which correspond to the standard temperature 
of the hydrometer, are obtained from the 
two graphs. A previous determination of the 
weight of the plummet in air and in distilled 
water respectively provides the remaining 
data required for calculating the density of 
the liquid, and hence the correction to the 
hydrometer. 

The procedure outlined gives results suffi- 
ciently accurate for most hydrometers. F or 
instance, if a plummet whose volume is 50 c.c. 
is used, and the weighings are accurate to 
within 5 milligrammes, the densities will, so far 
as the weighings are concerned, be correct to 
one unit in the fourth decimal place. Actually, 
of course, the weighings can he carried out to a 
closer accuracy than 5 milligrammes with an 
ordinarily good balance. An error of 0°1 C. in 
temperature observations will, generally speak- 
ing, correspond approximately to an error of 
one unit in the fourth decimal place. 

For more accurate determinations, the 
temperature of the liquid in the vessel A may 
be controlled by surrounding it with a water- 
bath provided with a thermostat. 

Another improvement is to use two plummets of 
equal mass but of different volumes, one suspended 
from each arm of the balance. The difference in 
the apparent weights of the two plummets when 
immersed in a liquid (i.e. the weights required on the 
side of the balance from which the plummet of larger 
volume is suspended, in order to produce equilibrium) 
is then the weight of a volume of liquid equal to the 
difference in volume of the two plummets. This 


difference in volume is determined by weighings in 
distilled water. The plummets can be readily 
interchanged on the balance and the advantages of 
“ double weighing ” obtained. Further, if the plum- 
mets are suspended by means of platinum wires 
which are equal in diameter, the downward pull on 
each wire due to the effects of surface tension will be 
equal and hence need not be taken into consideration. 

The outstanding advantage of the above method 
of standardising hydrometers is that the density 
of the liquid is determined simultaneously with the 
hydrometer reading, in the same liquid and under 
identical conditions. 

If a pyknometer is used to determine the density, 
then the sample of liquid in the pyknometer may 
not be identical with the bulk of the liquid in which 
the hydrometer is read, neither as regards composition 
nor temperature. 

§(13) Comparison of Hydrometees. — The 
method of standardising hydrometers described 
in the preceding paragraph is, of course, im- 
practicable where large numbers of hydro- 
meters have to be dealt with because of the 
amount of time which it would involve. In 
dealing with numbers of hydrometers either 
in the course of manufacture or testing, it is 
customary to make use of a standard hydro- 
meter whose corrections have been carefully 
determined. 

The comparison of hydrometers with the 
standard instrument is best carried out in a 
vessel which is large enough to allow two 
hydrometers to float side by side without 
danger of fouling either each other or the sides 
of the vessel. A convenient vessel for the 
purpose is one of rectangular cross section, 
and if its internal dimensions are I4J- in. by 
in. by in., it will be big enough to 
accommodate all but exceptionally large 
hydrometers. The front and back faces, i.e, 
the two broad faces, of the vessel should be 
ground plane and well polished, and the glass 
should be quite clear and free from striae and 
similar defects. By this means distortion of 
the hydrometer scale when viewed throxigh 
the front face of the vessel is avoided. 

A screen placed behind the vessel, as shown 
in Fig. 6, facilitates taking readings on the 




Fia 6. 


hydrometers. The top half of the screen is 
painted a dead black, and the bottom half is 
white. The screen is inclined at an angle 
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behind the vessel, so that the bottom half 
reflects light through the liquid. The junction 
of the black and white portions of the screen 
is arranged to be horizontal and slightly below 
the level of the surface of the liquid in the 
vessel. In order to obtain accurate hydro- 
meter readings, it is necessary to place the 
eye exactly on the level of the liquid surface. 
The screen helps to secure this condition. If 
the eye is placed much below the level of the 
liquid surface, the latter appears as a white 
rectangle. On raising the head, the rectangle 
becomes narrower, and changes from a white 
to a dark rectangle, whose front edge is 
bounded by a very sharply defined white line 
formed by the bottom edge of a narrow white 
band, which crosses the front of the vessel 
at the base of the meniscus formed against 
the inside of the front face. At the same time 
a white ellipse appears around the stem of 
the hydrometer. On raising the head still 
further the ellipse becomes thinner, and the 
rectangular surface becoming more fore- 
shortened, the ellipse at the same time appears 
closer to the white line defining the front edge 
of the rectangle. Finally, when the eye is 
exactly on the level of the liquid surface, 
the ellipse, which has now become practically 
a thin straight line, merges into the white 
line forming the front edge of the liquid 
surface. On dropping the head slightly the 
ellipse immediately becomes visible once 
more in the dark surface of the liquid. A 
little practice soon enables one to bring the 
eye to the correct position with much more 
certainty than when viewing the surface 
without the screen, and simply using the 
foreshortening of the liquid surface into a 
straight lino as a criterion of the correct 
position. 

The solutions to be used for the comparisons 
should be stored in the room in which they are 
to be used. It has been shown previously 
that the difference between the readings of 
two hydrometers is independent of the tem- 
perature at which they are compared. The 
temperature should, however, remain as nearly 
as possible constant throughout the com- 
parisons. The solution should be thoroughly 
stirred after being transferred to the vessel in 
which the hydrometers are to be read. 

The hydrometers, particularly the stems, 
should be thoroughly cleaned before use. 
Once cleaned, the hydrometers should, as 
far as possible, only be handled by taking 
hold of the extreme top of the stem above 
the highest graduation mark, and on no 
account should the portion of the stem occupied 
by the graduation marks be fingered. 

The hydrometers having been cleaned and 
the liquid made ready for the comparisons, 
the following is a convenient method of carry- 
ing out the comparisons. First, the standard 


is placed in the liquid, care being taken only 
to release the instrument when it is near to 
its position of equilibrium, and so to avoid 
wetting the stem for any appreciable distance 
beyond the point at which it intersects the 
liquid surface when the hydrometer is floating 
freely. Whilst placing the second hydrometer 
in the liquid, the standard is lifted slightly, 
and held so that the introduction of the 
second hydrometer does not cause the stem 
of the standard to be wetted beyond its reading. 
Both hydrometers are released only when 
they have been adjusted approximately to 
their position of equilibrium. The reading of 
each is then noted approximately. The top 
of each hydrometer is then gripped by the 
thumb and first finger of the left and right 
hand respectively, and both instruments are 
immersed, so that their stems are wetted for 
an equal distance (1 cm. to 2 cm. is a con- 
venient distance) beyond their reading. When 
in this position, the grip on the hydrometers 
is entirely relaxed, and the hydrometers are 
kept in position simply by 
the top of the stems pressing 
against the V formed by the 
finger and thumb (see Fig. 7). 

The hands may then be with- 
drawn without disturbing the 
hydrometers, and the latter 
then rise and finally settle 
down after a few oscillations i?ig. 7. 
into their position of equili- 
brium, and when both are quite stationary 
the reading on each is noted. 

The standard is then held with one hand, 
and the other hydrometer is removed from 
the vessel. The next hydrometer to be com- 
pared with the standard is then introduced, 
with the same precautions as before, and the 
interval during which this and the standard 
are settling down to their final reading may 
be occupied in drying the hydrometer first 
compared, as it is inadvisable to leave the 
instrument lying about wet if a second com- 
parison is to be made against the standard at 
another point on the stem. 

It is sometimes recommended that hydrometers 
may be compared with a standard using an ordinary 
cylindrical hydrometer trial jar. Tlie standard 
hydrometer is first read in the liquid, and then a 
small number, any six, of the hydrometers to be 
checked are read successively in the same liquid. 
The standard is then read once more in the liquid, 
a second set of six are then read successively, and so 
on, readings being taken on the standard between 
each set of readings on the. hydrometers to be checked. 
This method is not nearly so satisfactory as having 
the standard hydrometer and the one to bo com- 
pared with it floating side by side in the same 
vessel. 

§ (14) Errors due to Surface Contamina- 
tion. — Errors in hydrometer readings due to 
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contamination of the liquid surface may be 
minimised by overflowing the liquid just 
before taking a reading, and so obtaining a 
freshly formed liquid surface. An apparatus 
designed to permit renewal of the liquid 
surface by overflowing is shown in Fig. 8. 

“ The manipulation 1 is as 
follows : The cylinder is filled 
nearly to the spout by the 
liquid whose density is desired, 
or in which hydrometers are 
to be compared. The hydro- 
meter is then immersed in the 
liquid, and permitted to float 
freely until it has assumed the 
temperature of the liquid. The 
hydrometer is raised to permit 
thorough stirring of the liquid. 
The temperature is observed 
if desired. From a beaker of 
the same liquid enough is 
Fig. 8. poured into the funnel to cause 
the liquid to overflow and run 
out the spout, where it is caught in a 
convenient vessel. 

“ The hydrometer is then read. The com- 
pleteness of the cleansing of the surface of 
the liquid may be tested by repeating the 
operation as the readings will approach a 
constant value as the surface becomes normal. 

<c The necessity for such special manipula- 
tion is confined to the reading of hydrometers 
in liquids which are subject to surface 
contamination. Such, in general, are aqueous 
solutions or mixtures of acids, alkalies, salts, 
sugar, and weak alcoholic mixtures. Oils, 
alcoholic mixtures above 40 per cent by 
volume, and other liquids of relatively low 
surface tension are not, in general, liable to 
surface contamination sufficient to cause 
appreciable changes in hydrometer readings. 5 5 

One other point in connection with the comparison 
of hydrometers should be noted. If the hydrometers 
compared have very nearly the same range and dimen- 
sions, in particular, stems of approximately the same 
diameter, then it is immaterial in what liquid they are 
compared. If, on the other hand, the standard 
differs appreciably from the hydrometer to be 
checked, then the comparisons should be carried out 
in the liquid in which the hydrometer is to be used, 
or else an allowance made for the difference in surface 
tension between the liquid used for the comparisons 
and the liquid for which the hydrometer is required. 

§(15) General Specification for Glass 
Hydrometers, — Hydrometers should be made 
from glass free from striae and similar defects, 
and in particular the surface of the stem 
should be quite smooth. The glass should be 
of a kind which sufficiently resists the action 
of chemicals, and possesses properties such as 
would render it suitable for use for thermo- 




meters. Hydrometers should be thoroughly 
annealed before they are graduated. A 
hydrometer should be everywhere symmetrical 
about its vertical axis. 

When mercury is used for loading, it should 
be contained in a bulb at the base of the hydro- 
meter, which is sealed off from the Test of the 
instrument. When lead shot or other loading 
material is used, it should be fixed in position 
by means of a suitable cement, which will 
not soften at the highest temperature at which 
the hydrometer is likely to be used. No 
loading material should be left loose inside 
the hydrometer. The hydrometer must be 
loaded so that the instrument floats with its 
stem vertical. 

The scale should be fixed in position, so as to 
prevent all possibility of it slipping, and paper 
of high quality should be used. 

The graduations should be without evident 
irregularities. ' The graduation marks should 
be made by fine straight lines, which lie in 
planes perpendicular to the axis of the hydro- 
meter, so that they are horizontal when the 
stem is vertical. The shortest graduation 
marks should extend at least one-quarter the 
way round the stem. Sufficient lines should 
be numbered to enable the exact reading at 
any point to be readily noted. Generally 
speaking, at least every tenth line should be 
numbered. The use of abbreviated numbers 
should be confined to the central portion of 
the scale, and the end graduation marks 
should be numbered in full. The numbers 
should not encroach on the space occupied 
by the shortest graduation marks. The 
numbered marks should be carried at least 
half-way round the stem, and the scale should 
be straight and without twist. The gradua- 
tion marks should in general be not less than 
1 mm. nor more than 2 mm. apart. 

The stem should extend from 2 cm. to 
3 cm. beyond the highest graduation mark, 
and the lowest graduation mark should be at 
least 5 mm. from the junction of the stem and 
the bulb. 

A fundamentally important point is that 
each hydrometer should bear an explicit 
inscription giving the basis on which the scale 
is constructed. The inscription can, of course, 
be abbreviated. For example, the inscription 
cc £>60° E. 60° F.” is quit© sufficient to in- 
60° F. 

dicate that the hydrometer is intended to give 
specific gravities at 60° F. relative to water 
at 60° F. as basis, the readings being taken 
at 60° F. 

If the hydrometer has an arbitrary scale, 
e.g. Baume, the exact definition of the scale 
should be given on the instrument. 

The inscriptions on hydrometers arc often 
inadequate, and at times misleading. As an 
example of the former, a hydrometer marked 
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“ Alcoholometer 15° C.” is quite inadequately- 
marked. The inscription might be equally 
true if the hydrometer indicated percentages 
by weight, percentages by volume, proof 
strength or degrees Sikes, and is not sufficient 
to define the scale precisely. A misleading 
inscription met with by the writer was 
“ specific gravity, 85° F.” on a hydrometer 
whose readings in sugar solutions at 85° F. 
were intended to give the specific gravity 
S(io° i<\, which the solutions would have had if 
60 ° F. 

cooled down to 60° F. 

§ (16) Metal Hydrometers. — Hydrometers 
constructed of metal are open to very serious 
criticism, and they have many disadvantages 
as compared with glass hydrometers. 

In the first place, metal hydrometers are 
very liable to undergo changes in weight, due 
partly to corrosion and partly to wear. In 
order to lessen the changes due to the former, 
metal hydrometers are plated sometimes with 
nickel, more frequently with gold. The Sikes 
hydrometer, legalised in this country for 
determining the strengths of spirits, is a 
gold-plated instrument. Whilst lessening the 
liability to corrosion, gold plating increases the 
liability to change in weight due to wear. 
Gold is a soft metal, and also a heavy one. 
A gold-plated Sikes hydrometer has an outer 
layer whose density is about twenty times 
the bulk density of the instrument. The 
plating inevitably wears away in the course 
of time, and so the hydrometer becomes pro- 
gressively lighter. The seriousness of this is 
cleai'ly indicated by the fact that hydrometer 
makers regularly enter into contracts with 
users of these instruments to adjust and re- 
gild them at intervals. 

Another disadvantage of metal hydrometers 
is that they are liable to develop leaks at the 
joints. 

The bulbs of metal hydrometers are neces- 
sarily made of thin sheet metal, and are liable 
to be dented, and thus to have their volume 
changed. 

A metal surface is much less readily wetted 
than a glass one. In weak alcohol solutions, 
for example, it is extremely difficult to obtain 
a well - formed meniscus around a metal 
stem. 

The graduation marks and numbers are 
engraved on the stems of metal hydro- 
meters. Air bubbles are apt to cling to the 
indentations thus formed on the surface of the 
stem. 

The above disadvantages do not occur with 
glass hydrometers. There is, however, one 
undeniable advantage which metal hydro- 
meters possess over glass ones, viz. they can 
be made much more compact and portable. 
To obtain the same range and openness of 
scale as an ordinary metal Sikes hydrometer 


provided with nine poises, it would be neces- 
sary to have at least five glass hydrometers, 
in order to keep the size of the glass instru- 
ments within reasonable dimensions. 

Glass hydrometers are also more likely to 
be broken than metal ones. There is reason, 
however, for preferring the glass hydrometer 
even on this score. So long as it remains 
intact, a glass hydrometer can be relied upon, 
and when broken the fact is apparent. A metal 
hydrometer, on the other hand, may become 
seriously out of adjustment without the 
defect being realised. It is also quite probable 
that the cost of replacing breakages in the 
case of glass hydrometers would not exceed 
the cost of readjustments in the case of metal 
ones. 

§ (17) Tolerances. — A reasonable tolerance 
to allow for the error at any point on a hydro- 
meter scale is plus or minus the scale equiva- 
lent of I mm. to 1-5 mm. The difference in 
the errors at any two points on the stem 
should not exceed the maximum error- 
allowed at a point. This represents a degree 
of accuracy which should be attained by 
manufacturers without entailing excessive 
cost of production. 

§ (18) Different Types of Glass Hydro- 
meters. — The form of hydrometer which is 
perhaps of most frequent occurrence is that 
already shown in Fig. 1, p- 431. This is a 
very satisfactory and serviceable form of 
instrument. The hydrometer being, however, 
a lamp-blown article, variations in form can 
be readily introduced. Consequently, the 
cylindrical bulb is frequently replaced by 
pear-shaped, spherical, and a variety of other 
shapes of bulbs. No particular advantage 
attaches to any of the types, except in very 
special cases, which would make them prefer- 
able to the simple cylindrical form for general 
use. 

One particular case where a bulb other than 
cylindrical in form is advantageous is that of 
accumulator hydrometers used for determining 
the density of the acid in situ in accumulator 
cells. In this case a hydrometer with a 
flattened bulb is preferable, as it can be 
inserted between the plates of the accumulator 
with less risk of touching the plates and so 
giving a false reading. 

Most hydrometers are adjusted to be read 
at the intersection of the level liquid surface 
with the stem. In some cases, however, they 
are adjusted to be read at a definite distance 
above the liquid surface. This mode of ad- 
justment is convenient in the case of accumu- 
lator hydrometers, as readings can then be 
taken above the level of the plates. A hydro- 
meter adjusted on this principle is shown in 
Fig. 9. The hydrometer scale is read opposite 
to the top edge of the float shown in the dia- 
gram, and the float also serves as a fender to 
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beep the hydrometer from coming into contact 
with the plates of the accumulator. 1 

Hydrometers are frequently made with 
thermometers enclosed inside them. Quite 
as reliable results may be 
obtained, however, with an 
ordinary hydrometer, using 
a separate thermometer for 
reading the temperature. 

The scales adopted for 
hydrometers are almost 
infinite in variety. Each 
industry in which hydro- 
meters are used appears to 
have its own selection of 
scales. The following quota- 
tion from Dairy Chemistry 
by H. D. Richmond illus- 
trates this : 

“Soxhlet’s lactometer contains 
a scale from 25° (1 025) to 35° 

( 1*035) divided up into suitable 
divisions (J or T \j). 

“Vieths’ lactometer has a globular body; it 
requires a smaller bulk and depth of milk than 
Soxhlet’s, and is suitable for taking the specific 
gravity in a half-pint can. The scale reads from 
25° to 35°. 

“ Quevennes’ lactometer has a scale from 15° to 
40° and is marked to show proportions of water added 
to milk and skim milk respectively. The auxiliary 
Scale is useless. 

“Another form of lactometer, the name of whose 
inventor is deservedly lost in oblivion, has a scale 
from 0 to 100, 0 being equal to a specific gravity 
of 1*000 (water), and 100 being equal to a specific 
gravity of 1*029. It is of no practical use in milk- 
testing. 

“Still another form is marked M at 1*029 and W 
at 1-000, the intermediate space being divided into 
quarters ; this form is a mere toy.” 

1 See “Secondary Cell Maintenance,” Post Office 
Electrical Engineers’ Journal, January 1914, for 
information regarding the use of hydrometers in 
connection with accumulators. 



§ (19) Alcoholometry and Saccharo- 
metry. — Particulars of the more important 
instruments used for the determination of 
mixtures of alcohol and water or the strength 
of sugar solution are given in the articles on 
Alcoholometry and Saccharometry, to which 
reference should be made. A comprehensive 
account of a large number of types will be 
found in the Handbuch der Araometrie , by Dr. 
J. Domke and Dr. E. Reimerdes. y ». 


Hyetograpi-i : a self-recording rain-gauge. 
See “ Meteorological Instruments,” § (14) 
(ii.) ( b ). 

Hygrometer : 

I. Assmann’s. See “ Humidity,” II. § (9). 
Formulae for reduction of readings of. 

See ibid. II. § (4) (ii.). 

II. Dew-point : 

Types of : 

(i.) Crova’s instrument. See ibid. II. 

§ ( 2 ). 

(ii.) Daniell’s apparatus. See ibid. II. 

‘ § (D- 

(iii.) Regnault’s apparatus. See ibid. 

' II- § (1) et seq. 

Effect of wind on. See ibid. II. § (2). 
Theory of. See ibid. II. § (3). 

III. Hair. See ibid. II. § (10). 

IV. Wet- and dry-bulb : 

Description of. See ibid. II. § (4) (i.). 
Formulae for reduction of readings of. 

See ibid. II. § (4) (ii.). 

See also “ Thermometers, Wet-bulb.” 

Hygroscopic Substances : 

Effect of humidity on. See “ Humidity,” 
II. § (14). 

Properties of. See ibid. II. § (14). 

Hyfsometer Apparatus for Measurement 
oe Gravity at Sea. See “ Gravity Survey,” 
§ (5) (ii.) (ct). 


I 

Ice, range of, between summer and winter. 
See “ Atmosphere, Thermodynamics of 
the,” Figs. 1-4. 

ICE -CRYSTALS IN THE ATMOSPHERE. See 
tc Meteorological Optics,” §§ (17), (IS). 

Indian Geodetic Survey Four-metre Com- 
parator : description. See “ Comparators,” 

§ ( 9 ). 

Indian Survey Apparatus eor Measure- 
ment oe Gravity. See “ Gravity Survey,” 

§ (2) (iii.). 

Indicating- Devices used in Metrological 
Measurements : conversion of linear to 
angular movement. See “ Metrology,” 

§ (36) (L). 


Fizeau dilatometer. See ibid. § (36) (v.) (e). 
Magnification of linear motions by mechani- 
cal levers. See ibid. § (36) (ii.), 

Michelson interferometer. See ibid. § (36) 
(v.) (e). 

Proportionality of scales. See ibid. § (36) 

(ivO- 

Pure mechanical lever magnification (Dr. 
P. E. Shaw’s machine). See ibid. § (36) 
(ii.). 

The gravity piece. See ibid. § (36) (v.) (a). 
The liquid indicator. See ibid. § (36) (v.) (c). 
The optical lever. See ibid. § (36) (iii.). 

The telephone contact (Dr. P. E. Shaw’s 
machines). See ibid. § (36) (v.) (d). 

The tilting level. See ibid. § (36) (v.) ( b ). 
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Tutton wave-length comparator. See ibid. 

§ (36) (v.) (e). 

Ultra-micrometer (Whiddington and Dow- 
ling). See ibid. § (36) (v.) (/). 

Indicator, used to read the top of the mercury 
column in terms of the barometer scale : 
the vernier is the usual device used. See 
“ Barometers and Manometers,” § (3) (i.) {d). 
Indicator, Calibration of, for use in 
metrological measurements. See “ Metro- 
logy,” IN. § (32) (ii.). 

Indicator-diagrams for Saturated Air. 
See “ Atmosphere, Thermodynamics of 
the,” §§ (22), (23). 

Indicators and Measurers, Functions of, 
in Metrological Observations. See 
“ Metrology,” IX. § (32) (L). 

INSTRUMENTS, THE DESIGN OF 
SCIENTIFIC 

§ (I) Introductory. — The advancement of 
knowledge in many branches of science is the 
result of making accurate measurements of 
natural phenomena or of the physical properties 
of matter. These measurements are made 
with scientific instruments, or philosophical 
instruments, as they were formerly called. 
Also successful teaching of most sciences can 
only be given with the aid of scientific instru- 
ments. This is especially true in the case of 
Physics. It is now realised that efficiency 
in many industrial processes can only be 
secured from the data obtained by accurate 
measurement, and scientific instruments are 
largely used as manufacturing tools. Instru- 
ments may be used for producing and exhibit- 
ing some phenomena giving only qualitative 
results. This is especially the case in the 
early stages of the development of a branch 
of pure science. Generally, however, little 
progress is made until measurements can be 
taken, though the qualitative instruments are 
useful in teaching. The essential qualities 
of a good design are different in instruments 
used for each of these classes — research, teach- 
ing, or industry. Before detailing these 
qualities we will first consider a few funda- 
mental points in the method of taking measure- 
ments and the use of instruments. 

§ (2) Methods of Measurement. — Measure- 
ments by an instrument are made by means 
of some phenomenon capable of giving signals 
to the observer’s brain. This is also the case 
when photography is used or autographic 
records are made. The most usual, most 
convenient, and generally the most accurate 
method of measurements is by observing the 
coincidence of two objects in space by the eye ; 
however, when the coincidence is not perfect 
the distance between the objects should be 
estimated. But the fact that the observer 


has two eyes or two ears allows other methods 
to be used occasionally. The head is itself 
an instrument, which can he used in an 
approximate way as a range-finder, or as a 
direction indicator for sounds without the 
use of coincidences. Apart from these slight 
exceptions, every scientific measurement ulti- 
mately depends on observing coincidences. 
The physical property being observed is tested 
against a similar physical property capable of 
variation, and when the balance is correct the ■ 
fact is signalled to the observer in one of several 
ways. This may he called the null method. 
The signal is usually given by the eye, occasion- 
ally by the ear, and may be given by touch. 
When the eye is used the most common method 
is to observe the position of some indicator 
in space. In weighing a mass on a balance 
the observer obtains the signal by eye when 
the pointer is not deflected from its equilibrium 
position. With an instrument for use in a 
laboratory in which the forces available for 
giving indications are small, the indicator is 
often a spot of light. If the forces are large 
enough, hut still small, and especially if the 
instrument is required for workshop use, the 
indicator may be a pointer moving near, but 
not in contact with the scale. Lastly, if the 
forces available are large, the indicator may 
be a vernier in contact with the scale. Each 
of these designs has inaccuracies peculiar to 
itself which can generally be reduced by 
good design. The eye can also be used to 
observe the brilliancy and the colour of light. 
The equality of two colours can be used to 
indicate the equality of the observed physical 
properties, or the brilliancy of the illumination 
of two optical fields can be used as the signal ; 
photometers, and some optical pyrometers, are 
examples. If the signal is a sound it may 
alter in magnitude, in pitch, or in the phase 
of the sound waves. These methods are not 
often used, but examples can be found of each 
of them. For instance, the magnitude of the 
sound on the telephone is used with a 
Wheatstone bridge for indicating the balance- 
point for alternating current. The difference 
of pitch between two sounds is used for 
adjusting tuning-forks, and the difference of 
phase between two sounds, combined with 
bi -aural hearing, has heen used for locating 
submarines and aeroplanes. 

In many instruments the null method is 
not used. In order to save time and to make 
the reading simple, scales or units of material, 
such as weights or electric resistances, are often 
used. But every measurement taken by such 
means depends on the calibration of a scale in 
which the null method was used. 

Consider the measurements of length, mass, 
and time. 

The unit of length is given by a certain piece 
of material which is supposed to remain 
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constant in shape, and is the legal standard of 
length. Scales equal in length to the standard 
are made by the null method ; scales of other 
lengths are made by a process of adding and 
subtracting. 

The standard of mass is a certain piece of 
matter which is assumed to remain constant. 
Then by a null method of weighing this mass 
against an equal mass in a balance a series of 
equal masses is obtained, and by a process 
of adding and subtraction a series of masses 
of different amounts is made. 

In the case of time the rotation of the 
earth is the unit, and the scale of time is 
obtained by dividing the mean solar day 
into equal parts. These subdivisions of time 
are compared by observing the motion of 
bodies which are oscillating or moving at 
uniform rates. 

In designing a definite instrument we have 
first to find a chain of physical phenomena, the 
last of winch can be measured in some easy 
and accurate way. For example, suppose the 
measurement of a high temperature is required, 
and we adopt as the first link in the chain of 
phenomena the thermoelectric effect between 
two dissimilar metals. The electromotive 
force obtained is a known function of the 
temperature. If a workshop instrument is 
required the use of complicated potentiometer 
methods must not be used, and the next step 
is to convert the electromotive force into a 
current, which is measured by converting it 
into a force by a galvanometer. This force 
is measured by a spring, and the temperature 
is read by the movement of a pointer over a 
scale. 

In this example the five steps in the chain 
are — 

(i.) Conversion of temperature into electro- 
motive force. 

(ii.) Conversion of electromotive force into 
current. 

(iii.) Conversion of current into electro- 
magnetic force. 

(iv.) Balancing this electromagnetic force 
against the force of a deflected spring. 

(v.) Measuring the force causing the deflec- 
tion of the spring by a pointer moving over a 
scale. 

§ (3) REQUIREMENTS OF GOOD DESIGN. — 
The following chief requirements of a good 
design in instruments will be considered in 
detail : accuracy , sensitivity , robustness , con - 
venience and rapidity in use , simplicity and 
cheapness , bad design and good tvorkmanship , 
durability , damping . The important question 
of geometric design will then be considered 
and the method of procedure in preparing a 
new design. 

§ (4) Accuracy. — An instrument should 
have the following qualities : 

(i.) It should have the required accuracy. 


The highest accuracy is not always necessary, 
or even advisable. 

(ii.) It should have constant accuracy, not 
dependent on position in which it is used or 
the magnitude of the measurement taken. 

(iii.) Every important source of inaccuracy 
or error should be known. 

(iv.) If possible each important error should 
be capable of elimination by taking two or 
more readings or by adjustment of the 
instrument without other special apparatus. 

(v.) When an error cannot be eliminated it 
should not vary with circumstances. 

(vi.) When an error cannot be eliminated 
it should, if possible, be capable of measure- 
ment by the instrument itself, without other 
special apparatus, so that the results may be 
corrected accordingly. 

The accuracy which can be obtained is 
largely dependent on the costliness of the 
instrument, and there has usually to be a 
compromise between a simple and cheap 
design and accuracy. In many instruments 
there are parts which require good and accurate 
workmanship, such as a divided circle or micro- 
meter screw ; but the accuracy of the results 
should, as far as possible, be independent of 
the perfection of the construction in the other 
parts. The accuracy of any instrument 
depends upon a great number of errors intro- 
duced in many ways. These errors vary 
greatly in amount ; some are very small and 
some comparatively large. The larger errors 
are the most important to reduce, and it may 
be an improvement in the instrument to reduce 
these errors by making the instrument less 
simple and more costly. On the other hand, 
to reduce errors that are already small may 
actually reduce the usefulness of the instru- 
ment by increasing its complication and cost, 
as in this case the resulting improvement in 
accuracy may not be perceptible. It may 
even happen that the inaccuracy of the final 
reading is increased by reducing one of the 
errors which is already small, as by so doing 
another error which is not small may he 
greatly increased. 

Let us consider the accuracy of the pyro- 
meter described above. It depends on the 
errors introduced at each step. The electro- 
motive force is due to a difference in the 
temperature of the two junctions of two 
dissimilar metals or alloys. The pureness of 
the alloy will cause errors, and an error in 
knowing the temperature of the cold junction 
will cause an error in the final readings. 
Also the hot junction may not be at the 
temperature to be measured. In the next 
step the electromotive force produces a 
current in a resistance which will vary with 
change of temperature and from other causes, 
and these errors may be considerable. The 
magnetic field of the galvanometer may alter 
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and cause errors. The spring will have errors 
due to fatigue, permanent set, corrosion, and 
temperature. Friction of the pivot will cause 
errors in the position of the pointer, and there 
may be errors in the scale from which readings 
are taken, and personal errors in reading the 
position of the pointer on the scale. 

§ (5) Sensitivity. — The final accuracy of 
an instrument partly depends on its sensitivity. 
In a sensitive instrument a small change in 
the property to be measured or observed 
gives a large change in the observed 
phenomenon. To obtain a certain amount 
of accuracy the sensitivity must not be too 
small ; but increasing the sensitivity may not 
increase the accuracy, and a large increase may 
often diminish it. An instrument with a high 
degree of sensitivity is harmful, as it gives a 
false impression of accuracy ; and this may 
seriously mislead the observer. 

In order to obtain the required sensitivity 
in an instrument, optical magnification is 
often used. This may consist of a high- or 
low-power microscope or a simple lens. Or 
mechanical magnification may be used. 

Magnification by resonance is sometimes 
used, for instance, in the measurement of 
alternating electric currents, and largely in 
wireless telegraphy. 

The phenomenon of resonance, besides being 
useful to obtain magnification, may be a serious 
source of trouble and error. The pointer of 
an instrument may vibrate so much that its 
position cannot be read. 

Another method of obtaining magnification 
is by using relays or amplifiers, particularly 
in electrical work. The distinction between 
these magnifiers is important. In the null 
method a relay may be useful to magnify the 
signal which shows out of balance and make it 
appreciable to the observer. When the result 
is obtained by reading the amount of a move- 
ment an amplifier is useful, but not a relay. 

§ (6) Robustness. — An instrument should 
be robust, and it should not be easily dam- 
aged by rough handling ; if possible, all parts 
should be strong enough to withstand acci- 
dents and the usual stresses due to transit. It 
need not be clumsy or unnecessarily massive, 
but delicacy is essential in some parts of certain 
instruments. An instrument is sometimes 
praised because it is delicate, whereas the 
design should be condemned if it is unneces- 
sarily delicate. 

Great sensitivity may be the highest praise 
that can be given to an instrument, as.it can 
be used to measure very small quantities. A 
robust instrument can be very sensitive and a 
delicate instrument far from sensitive ; and we 
may define delicacy as the opposite of robust- 
ness. Some instruments must be delicate in 
order to fulfil their duty, and require great 
skill in their manufacture. In such instru- 


ments it is the skill rather than the design to 
which the praise is due. 

§ (7) Convenience in Use and Need eor 
Dexterity. — An instrument should not re- 
quire skill or dexterity in its use, and the 
results should be obtained quickly ; but this 
is less important in a laboratory than in a 
workshop instrument for commercial use. 
If possible, an instrument should be fit to 
bear rough handling. Safety devices may be 
introduced which make improper manipula- 
tion impossible, or protect the instrument 
from their bad effect. For instance, the 
coils of galvanometers may be automatically 
clamped by the shutting of the covers, or by 
the aet of lifting the instrument from the 
table, preventing the suspensions from being 
broken, or the pivots being damaged. 

Parts which require manipulation should be 
easy to handle, and movements should be 
without backlash, so that no special care is 
required to avoid errors from this source. 
Any parts that require lubrication should be 
accessible. Scales should be easy to read, and 
parts which may be damaged by dust or dirt 
should be covered, or they should be easy to 
clean. The design of the instrument should 
differ according to the skill of the observer 
who will use it and the place where it will be 
used. The method of taking observations 
should be easy and the process pleasant to 
perform, not trying to the eyes, and as little 
fatiguing as possible. Fatigue is bad in itself ; 
and a tired observer will increase errors in 
the results. 

§ (8) Simplicity and Cheapness. — In order 
to reduce the cost it must be known who is 
to use the instrument, where it is to he used, 
and for what particular purpose it is required. 
An experimenter may require apparatus for a 
special piece of new work, and often good 
results are obtained with roughly made 
apparatus when in skilful hands. Its design 
requires great knowledge and skill, and the 
greater the ability of the experimenter the 
simpler the apparatus will be. Probably most 
instruments were first made for use in this 
way. 

The manufacturer of scientific instruments 
has a different problem. The design should 
differ according to the number required. 
The method of manufacture, and consequently 
the design, should depend on whether the 
number required is very large, considerable, 
or very small. The designer should be a 
mechanical engineer with much scientific 
knowledge. He should he well acquainted 
with the methods of manufacture available, 
and, in order to avoid unnecessary cost, the 
instrument should not require great skill to 
make. He should be familiar with the 
properties of many materials, and ho should 
know the accuracy of the machine tools 
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available and the skill of the workmen 
employed. 

It is often most difficult to compare the 
relative merits of the several methods of 
making one part of an instrument. It perhaps 
might be of cast iron or gun-metal, or a forging, 
or built up of plates, rods, or tubes. The 
advantages of the cast iron in hardness, 
strength, stiffness, and cheapness must be 
compared with ease of working and absence 
of corrosion in the case of gun-metal. Iron 
often has the advantage, and is more used 
than was formerly the case. Then, again, 
a considerable increase of cost, or a slight 
increase of sensitivity or accuracy, must be 
compared. Castings must be suitable for 
the foundry ; holes must be easy to drill, 
and worked surfaces be in positions to suit the 
machine tools, and it must be easy to fix 
accurately the various parts together. Every 
detail should be examined from many widely 
different points of view, and the result is 
generally a compromise, often not easy to 
arrive at. An expensive instrument, if much 
used, may lead to real economy, as it may 
enable results to be obtained more rapidly 
than a cheaper and slower instrument, and 
much time will be saved. 

§ (9) Bad Design and Good Workman- 
ship. — Some of the evil effects of bad design 
in an instrument may be reduced by excessive 
care and costliness in the workmanship. 
But when this is the case the evil effects will 
return when the instrument becomes worn 
or slightly damaged. In' a well - designed 
instrument accurate results can be obtained 
even if its parts become worn or damaged, 
and the most skilful workmanship is not 
required. 

§ (10) Durability. — An instrument may be 
required for one piece of research, after which 
it may not be used again, but in most cases an 
instrument is for continued use, and should 
have a long life. Corrosion and chemical 
changes should not cause damage. Suitable 
materials should be employed and the surfaces 
well protected. Simple readjustment should 
enable the wear of the rubbing surfaces to be 
compensated. The wear should also be small, 
and the instrument should not be easily broken 
or damaged. 

§ (11) Damping. — Many instruments require 
damping, and the most suitable amount re- 
quires consideration. Accurate instantaneous 
readings of a changing phenomenon may 
be required. The phenomenon may be the 
fluctuating electric current in a galvanometer, 
which has some moving part with inertia. 
Therefore it cannot indicate the correct 
instantaneous value of the current. It is 
only by proper damping that approximately 
accurate readings can be obtained. If an 
instrument is used ballistically the damping 


should be small, and its amount should be 
known in order that the results may be 
corrected. 

We may wish to measure the mean value of 
a regularly alternating phenomenon. The 
phenomenon may be always positive and a 
true arithmetic mean be wanted, or the 
phenomenon may be alternating between 
equal positive and negative values, and the 
root mean square be wanted. The instrument 
must be well damped if a steady mean value 
is to be read, and also the damping must 
be of correct type to give the true mean 
value. 

The designer must also remember that, 
apart from considerations of damping, if an 
instrument is to give approximately correct 
indications of a fluctuating phenomenon the 
free period of the instrument undamped must 
be considerably shorter than the period of 
the changing phenomenon, or else the lag 
of the instrument will be so great that the 
readings are valueless. 

§ (12) Geometric Design. — T his form of 
design can often be adopted with great 
advantage in scientific instruments. 

A rigid body has 6 degrees of freedom, and 
if it is desired to have a certain relative 
movement between two parts corresponding 
to one degree of freedom it is necessary that 
there should be a constraint between the two 
pieces at five points. For example, a recti- 
linear movement can be given to a moving 
piece by five points on it in contact with a 
fixed piece, and each sliding along one of five 
parallel straight lines on the surface of a fixed 
piece. The correct shape can be given to 
the sliding piece very easily, as no accurate 
machining or fitting of large surfaces is 
required, but the fixed piece must have an 
accurate form. This form, however, can 
usually be cheaply and accurately produced 
by a machine tool. For instance, four of the 
straight lines on the fixed piece may bo on 
the surface of a cylinder, a form easy to make 
in a lathe or grinding machine with great 
accuracy. The fifth straight line, however, can- 
not be on the surface of the same cylinder. The 
actual diameter of the cylinder is unimportant, 
and no accurate fit is required. Geometric 
design in an instrument gives movement of 
great truth with slight and uniform friction 
and a reduction of cost. 

If a solid piece of an instrument is con- 
strained in more than six ways it will be 
subject to internal stress, and will become 
distorted, as it is not perfectly rigid. It may 
be impossible, however, to detect the distortion 
without the most exact micrometrical measure- 
ments. Geometric design reduces these internal 
strains which cause the bending of parts, thus 
giving rise to serious errors in badly designed 
instruments. 
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In instruments which are exposed to rough 
usage it may sometimes be advisable to secure 
a piece from becoming loose, even at the risk 
of straining and jamming it ; but in apparatus 
for accurate work it is essential that the 
bearings of every piece should he properly 
defined, both in number and in position. 

Two pieces must remain in contact at the 
requisite number of points. The forces re- 
quired can be given by gravity, but in 
instruments springs are often used as the 
forces required are small. Much care and 
thought should be given to the design of 
springs. Satisfactory action of springs is 
most important, and it is a common experience 
to find them the most troublesome part of an 
instrument to design. Sometimes a single 
spring will give all the desired constraint, 
and this is satisfactory when the parts are 
stiff, but usually it is better to increase the 
number of springs and so diminish the stresses 
in the parts. It is usually advisable to have 
the spring under a fairly constant tension, 
anjl often the extension should be considerable 
and not vary greatly. 

We may give a definition of a geometrical 
design as follows : Two bodies designed to 
w.ork together with certain relative motion are 
said to fit geometrically when the number of 
relative degrees of freedom added to the 
number of relative points of constraint is 
exactly six. 

Many types of design may be called semi- 
geometric, in which the bearing surfaces are 
small surfaces instead of a near approach to 
points, or are lines of considerable width. 
A line bearing will support a much greater 
pressure than a point bearing, although 
much less than a surface bearing ; it is not 
so simple as a point bearing, but is often 
simpler to adjust than a surface bearing. 
For example, theodolites and astronomical 
instruments are universally supported by 
geometrical bearings consisting of cylindrical 
trunnions resting in two parallel Y supports. 
If the instrument is very light these Y sux>ports 
may be rounded so as to give four-point 
contacts with the two trunnions. This is a 
true geometric design. In heavier instruments 
each Y-piece will be foi'med of two planes. 
In order to secure proper line contact the 
plane surfaces in the supports must be in a 
definite position with regard to each other. 
The design then may be termed semi-geometric. 

Not only does geometric design in general 
secure cheap construction and accurate 
movement, but backlash is easily avoided 
between the different parts. The trunnions 
in the theodolite are held down in the Y 
supports by springs. There can never be 
shake in the movement even after much wear 
of the trunnions and supports. 

Clerk Maxwell, in the Handbook of the Special 


Loan Collection of Scientific Appcuratus (1876), 
writes : 

ct When an instrument is intended to stand 
in a definite position on a fixed base it must 
have six bearings, so arranged that if one 
of the bearings were removed the direction 
in which the cori'esponding point of the 
instrument would be left free to move by 
the other bearings must be as nearly as 
possible normal to the tangent plane at the 
bearing.” 

This is an important principle, and applies 
also to moving pieces. The pressure at each 
bearing is then a minimum, and thus the 
friction is also at a minimum, giving smooth 
movement, and risk of jamming is greatly 
diminished ; also springs required to avoid 
shake and backlash can be smaller and weaker 
than in other cases. Also any alteration of 
the distances between the original surfaces 
due to wear, elastic compression, denting, or 
dirt between the surfaces, will cause the 
minimum displacement of the pax't. 

It is usually easy to arrange that a point 
on a piece of apparatus be adjustable in some 
direction. For instance, the point may be the 
end of a projecting screw. If this adjustable 
point is one of the contact points in a geometric 
design, adjusting the screw will slightly change 
the direction of a relative linear movement, or 
change the axis of a relative rotational move- 
ment, or the relative position of a piece which 
cannot move. This allows cheap construction 
with a high order of accuracy. This adjust- 
ment can also be used to compensate for wear 
at the robbing surfaces, securing long life in 
the instrument without inaccuracies. Good 
geometric design therefor© gives a good method 
of reducing the fault it possesses of rapid 
wear due to small bearing surfaces. 

The use of the geometric principle also is 
most helpful in the design of rough apparatus 
when made by the experimenter himself or 
in the laboratory workshop. 

The advantages of adopting a geometric 
design are many and very great, but there are 
cases when it is best to disregard the principle 
entirely. Although ball bearings are not 
scientific instruments they sometimes form 
part of them. They are most useful and 
successful, and as their design is far from 
being geometric the consideration of their 
design is most instructive. Their success 
depends on good workmanship and excellent 
material. The balls must be as nearly 
spherical as possible and of the correct 
diameter, and the ball races must also be true 
and of the correct size. The balls and races 
must be very hard, but not so brittle as to 
be liable to break. These conditions can 
only b© fulfilled by manufacture on a large 
scale with good machinery. The interest in 
this ease is that, although the design is not 
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geometric, the bearings are a most valuable 
invention,^ and they are now used in large 
numbers and undoubtedly their use will 
increase. They require little or no attention, 
and greatly reduce friction. 

§ (13) Contrast ik Design oe Instruments 
and Machines. — In instruments the magnifi- 
cation and transposition of displacements is 
usually required, in machines more often the 
magnification and transposition of force. 

Strength and efficiency are most important 
in the design of machines, and slight flexibility 
in its parts is often an advantage, as it relieves 
strains ; but in instruments questions of 
rigidity may be of the greatest importance. 
Parts of the instrument often have to he so 
stiff that they do not bend or deflect a percep- 
tible amount under the small forces to which 
they are subjected. In machines large 
bearing surfaces where movement takes place 
should be provided, both to reduce wear and 
to avoid too great local pressures between the 
parts. In instruments, on the other hand, 
the pressure between moving parts may he so 
slight that contacts may take place almost at 
points. 

§ (14) Alternative Methods. — When the 
exact requirements of the instrument are 
thoroughly realised many chains of physical 
phenomena should be considered, and the 
most suitable selected. Alternatives in the 
mechanical design of details should be similarly 
considered. A skilful designer will realise that 
bis first design is extremely unlikely to be the 
best he is capable of making. He should there- 
fore devise alternative designs, consider which 
is best, and discard the other. The process 
should be repeated again and again, and the 
more often it is repeated the - better the 
ultimate result will be. The first design may 
seem satisfactory, but it is essential that its 
worth should be tested by comparison with 
alternatives. Patience is required, and the 
designer should adopt a frame of mind which 
will enable him to compare two of his designs 
as if they were not made by himself. The 
process of considering alternatives should he 
adopted down to every detail, and thus the 
number of alternatives compared becomes 
very great. In essential parts an alternative 
can often be "made by fixing a part which 
moved and allowing a part which was fixed 
to become movable. For instance, a galvano- 
meter can have a moving magnet or a sus- 
pended coil ; or a clock - driven drum can 
have the clock itself rotating with the drum 
or the clock itself can be at rest. The tempta- 
tion to consider the first invented design the 
best that can be found is great, and too much 
stress cannot be laid on the importance of 
comparing many alternatives. Usually the 
first conception of the design is complicated, 
and the development which takes place 


during the process of comparing alternatives 
is towards simplicity without loss of accuracy 
or efficiency. H ^ 

o. a m. 

Integrating Mechanism (Kelvin) eor Water- 
Meter. See Ci Meters for Measurement of 
Liquids,’ 5 § (3). 

INTEGRATION, MECHANICAL 
METHODS OF 

§ (I) Introductory. — Practically all physical 
investigators rely ultimately on some form of 
graphical representation as a convenient and 
suggestive mode of expression for their experi- 
mental results. Analysis of the curves then 
provides the interpretation of the data found. 
Not the least frequent step in such forms of 
analysis is the determination of the area 
included in a closed curve, or, what amounts 
to the same thing, the area between the curve 
and some given datum line. No less than 
the physicist, the engineer is concerned with 
the measurement of area in a multitude of 
ways, as in the evaluation of the work done 
during expansions and contractions in steam 
cylinders, for example, by integration from 
indicator pressure diagrams, in the determina- 
tion of centres of gravity, of buoyancy, and of 
pressure, and moments of inertia of various 
figures that arise in the treatment of strength 
of materials or the pressure of winds or water 
on immersed surfaces. Mathematically the 
question arises in the graphical analysis of 
differential equations which cannot be solved 
by purely analytic processes. Here usually 
the quantity required at any step could be 

rx 

written in the form / <f>{x)dx , implying that 

J a 

what is desired is the area enclosed between 
the curve y = <p(x), the axis of x, an ordinate at 
x — a and an ordinate at all other values of x. 
The result will, of course, be itself a function 
of x, and will consequently be represented as a 
curve. For most experimental and engineer- 
ing purposes, however, the upper limit of this 
integral is a definite fixed quantity. 

§ (2) Arithmetical Methods. — Various 
arithmetical methods have been devised for 
estimating the area enclosed between the a:-axis 
and a given curve. These are, in general, 
based on the assumption that for the purpose 
in question the curve is represented with 
sufficient accuracy by another passing through 
a definite number of fixed points on the 
original curve, usually but not always equally 
spaced a;-wise, and consisting of a series of 
arcs of simple curves drawn through consecu- 
tive groups of such points. Perhaps the best 
known, and in some respects the simplest, 
arithmetical expression for the area is that 
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provided by Simpson’s Rule, where the arcs 
are simple parabolas : If the given area be 
divided into an even number of strips of equal 
breadth, h, parallel to the axis of y, and if the 
ordinates of the edges of these strips be 
consecutively y x , y 2 , . . . y n , there being, of 
course, an odd number of such ordinates, then 
the area is very approximately given by 

|l?/i + 2/ ra + 2(y 3 + ? / 5 + . . . ) + 4(y 2 + 2/i + - • •)}• 

A less well known but more accurate formula 
is due to Gauss, in which the ordinates are 
measured at places not equally spaced but 
at positions definitely selected in the range 
irrespective of the actual form of the curve. 
As compared with Simpson’s Rule for the 
same number of ordinates, the accuracy of the 
estimate in area is nearly doubled by the use of 
this formula. For a curve of fairly continuous 
shape, speaking generally, a system of seven 
ordinates, for example, spaced in the special 
manner to be explained, gives results which 
differ from a careful planimeter reading by 
less than *4 per cent. If the total interval 
over which the area is required is from x~0 
to x = p, the ordinates are taken at the positions 
x Q9 x 19 . . . .r/, etc., where 

x 0 /p = -5 xjp =5 -9745 x x 'j p = *0255 

xjp = *8707 x 2 'l p = *1293 

xjp = *7209 Xq'/p~*2791. 

Let the actual corresponding ordinates be y Q9 
2/n ?h> y/> 2/s'* These ordinates, be it 

noted, are symmetrically spaced about the 
central one y t) . The area A is then given by 

~ = -20902/0 + -0647(2/! + yf) + -1399( ? / 2 + yf) 

4- -1909(2/3 + yf), 
an estimate as accurate as that obtained by 
taking thirteen ordinates and using Simpson’s 
Rule, i 

§ (3) Planimeters. Theory. — To avoid the 
not infrequent heavy computation involved 
in such arithmetical methods of evaluating 
areas, many mechanical contrivances have 
been designed with a view to the direct 
estimation of the area by sweeping it out 
or tracing the enclosing curve. Such instru- 
ments are known generally as planimeters. 
Although historically most planimeters have 
been designed to follow principles presumed 
special to the particular instrument, the 
general theory of the various types of plani- 
meter is included in the following theorem 
concerning the area swept out by a moving 
Line. 

Consider the two curves C and C' ( Fig. 1), 
enclosing the two areas S and S', and let a line 

1 “On Gauss’s Theorem for Quadrature and the 
Approximate Evaluation of Definite Integrals with 
Finite Limits,” hy A. It. Forsyth, F.F.S., Brit. Assoc. 
Reports on the State of Science, 1919. 


PP' of fixed length l move round the curves 
so that P and P' trace out the whole contours 
C and C' respectively. PP' will then sweep 
out a total area S - S' in making the complete 
circuit, whether C' is 
entirely interior or 
exterior to C. If 
PP' and QQ' be any 
two consecutive posi- 
tions of the line, the 
inclination between 
them being the small 
angle 5 <£=aRQ'Q, 
where RQ' is parallel 
to PP', then the area 
S A of the small 
quadrilateral PP'Q'Q swept out by the line is 
equal to the sum of the area of the small 
rectangle PP'Q/R and the triangle RQ'Q. 

Let P'Q' = os, and 0 — angle between P'P and 
the tangent at P', that is between PP' and 
P'Q' ultimately, then area of PP'Q'R = Ids sin 9, 
and of RQ'Q = fl^ocp, 

.-. SA = l8s sin 6 

Integrating this expression over the com- 
plete contour, 

S - S' = Ifds sin 6 + Wj<lcj>. . ( 1 ) 

Two cases must be considered. When the 
curve 0 completely encloses C', PP' moves 
always in the same direction round C' and <p 
increases from zero to 2 tr as the complete 
circuit is made. In this case, therefore, 

S — S' = IJds sin 6 + ttI z . . . (2) 

When C and C' are quite external to one 
another PP' returns back upon itself as the 
circuit is completed, so that fd<j> — 0 ; in this 
case 

S-S' = Z,ds sin 0. . . (3) 

§ (4). The apparently diverse principles 
upon which the various “ types of integrating 
mechanisms are based are all particular cases 
of the foregoing general theorem. Let C/ 
bo a given curve of known area S', arid let C 
be the curve whose area S is required, then, 
from the above formula, S is definitely cal- 
culable provided the quantity fds sin 0 can bo 
evaluated. As will be soon presently, a simple 
mechanical method can easily bo devised for 
evaluating this quantity directly, while a rod 
of definite fixed length is guided round with 
its extremities on C and O'. In the main, 
planimeters differ simply in the choice which 
is made of the basic curve 0' and the conse- 
quent differences in mechanical detail. 

§ (5) Planimeters. The Registering Mechan- 
ism . — The simple standard mechanical d.ovice 
whereby the quantity fds sin 9 is measured 
is as follows. Let a graduated wheel W 
{Fig. 1) be fixed with PP' as axis, or on 
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an axis parallel and rigidly attached to PP', 
so that the -wheel rests lightly and can roll 
on the chart. Suppose the rolling edge of 
the wheel is at a distance X from P', then 
for any small displacement of PP' to QQ' the 
roller will slip along the component of its 
path in the direction PP' and roll for the 
component at right angles to PP'. Now the 
distance travelled by the roller W at right 
angles to PP' to its position W' is os sin 6 + \8<p, 
which is therefore the distance oR rolled by 
the edge of the wheel. Thus 

5B/ = 5s sin 6+\5<p. 

For the complete circuit of the curves the 
total distance R registered on the graduated 
wheel is 

R =Jds sin 6 + \fd<p. 

As before, the last term is either zero or 2ir\, 
according as C' 
is wholly ex- 
ternal or inter- 
nal to C. From 
this it follows 
that the roll - 
ing wheel, if 
appropriately 
graduated, will 
automatically 
register the 

actual integral required. If, there- 
fore, P' is constrained by the mechan- 
ism to move round the curve C' which encloses 
a known area, while the other extremity P 
of the rod traces out the curve whose area is 
required, this required area will be immediately 
deducible from the reading registered on the 
integrating wheel. 

§ (6). The two main types of planimeter 
in common use depend in principle on two 
particular cases of the general theorem given 
in § (3). The general class of Polar Plani- 
meter, of which perhaps the best known are 
the Amsler types, corresponds to the case in 
which C', the guiding curve, is a circle, while 
in the Linear Planimeter type the guiding 
curve is a straight line, or rather a closed curve 
consisting of a straight line returning on itself. 

§ (7) Polar Planimeter. — If two rods OP' 
and P'P (Figs. 1 and 2) of fixed lengths be 
jointed at P' while O is fixed in position so 
that the whole mechanism can turn freely 
about 0 as centre, then when the tracing 
point P is guided round the curve C whose area 
is required, the point P' will trace out the 
circle G' with O, the pole, as centre. If in 
addition a recording wheel, of the type already 
referred to, be fitted to P'P with axis parallel 
to P'P, the fundamental elements of the 
Amsler planimeter are provided ; any other 
elements in the instrument proper are mere 
minor additions to be dealt with later. In 


this case, if the length of OP' be r, and as 
above R be the distance by the tracing wheel 
rolled through, then the formula for S, the area 
of a curve external to S', is S = ZR, since the 
point P' will trace out an arc of C' and return 
on itself, so that in effect S' = 0, while, when 
S encloses S', C' is completely traced out, the 
value of S' = 7 rr 2 while fds sin 6 = R — 27rX, and 

S = 7rr 2 4- ZR — 2irAZ + 7rZ 2 . 

Usually the pole O is selected so that 0' is 
external to C. 

An illustration of the Amsler planimeter is 
shown in Fig. 2, with a diagram indicating the 
manner in which it is used. A small weight 
is usually provided, and rests on the rod 
at 0 to ensure that a sharp point pressing 
into the paper at O, and. 
fixing the pole, does not 
leave its position during 
the tracing of the contour 
by P. The details of the 
instrument are so adjusted 
that, by reading the roller on 
the tracer arm before and 
after guiding the tracing 
arm complotoly round 
the boundary O, the differ- 
ence of the readings, when 
multiplied by a constant 
factor, directly 
provides a 
measure of the 
area described. 

§ (8) Linear 
Planimetkrs. 
General Principles . — The second class of plani- 
meter, the linear type, is constructed to have 
the curve C' a straight line, so that in tracing 
out the curve C with one end of a rod of fixed 
length the other end is constrained to move 
along O', only a finite portion of the straight 
line being traced out, since the constrained 
end returns on itself to the starting-point. 
The area S' is consequently zero, and the 
general formula (1) takes the simple form 
S = l fds sin 6. 

The same device as before, in the form of a 
recording wheel, will evaluate this integral. 
Since many modifications of the planimeter 
designed to determine moments of inertia, etc., 
are based on this form of instrument, it is 
advisable to develop the comparatively simple 
theory of this type without recourse to the 
general formula. 

Let OP represent a rod of fixed length l 
(Pig. 3), the point O being constrained to 
slide along the guide bar XOX. Consider 
what effect is produced on the recording wheel 
W whose axis is OP, as the tracing point 
P describes the rectangle PQQ'P'. As the 
tracing point moves from P to Q a certain 
reading will be recorded on the wheel W. 
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Fig. 3. 


travelled to O'. 


Along QQ' the direction, of motion of the at 
tracing point is along the direction of the axis in 
of the wheel, so that the latter does not roll th 
and no additional reading will be recorded. A; 

From Q' to P' the w] 

P p' recording wheel 

7| will exactly re- m 

/ / verse the reading fo: 

w/nv/ registered during so! 

jr the passage from fo: 

/ / P to Q, since all gr 

X O/oyO Q q' x bho previous con- ex 

ditions are dupli- lir 

1?IGL 3- eated, except dr 

that O will have It 

travelled to O'. The description of the tn 
three sides PQQ'P' will therefore leave the ab 
reading at P' identical with that at P. pi; 
From P' to P, however, a definite reading wi 
will be recorded, and this it is necessary to m< 
estimate exactly. Since the rolling of W et< 
is merely the component motion of P 
perpendicular to OP, the distance rolled fifT) 
by W is 00' sin 0 = PP'sin 0 = PP'. PQ/OP. EJ 
Accordingly the wheel W during the i 
motion of the point P directly from P' to P, y /S \ 
or along PQQ/P'P, ~ ^ 

registers a distance 

equal to PP' . PQ/OP, ^ Y \ i 

that is, equal to the c§ \ / 

area of the rectangle S V / 

PQQ'P' divided by L § \ 1^ 

It is to be noticed that ^ \€ p / 

the reading is thus 
independent of the ~ x 
position of the record- 

ing wheel along the turning arm OP. M 
Such a simple planimeter, therefore, will Figk 5 . 
give a measure of the area of any 
rectangle PP'QQ' by the difference in reading th< 
in passing from P to P'. If this rectangle be soi 
regarded as one element of the area between lac 
any curve AB (Fig. 4) and the guiding axis OX, rec 

the whole area between the curve and that sli] 

axis will be found by running the planimeter to 

tracing point from C to . un 
^ ^ A, then along the series pa 

C fr pp / B of elements of arc such 

[~| as PP', that is, along arc 

c' ~ d 7 the curve AB, and foi 

finally down from B to me 
_ U D. It is clear that for PL 


along BPA the area DBAO will be registered, 
in the opposite direction, however, so that 
the net effect of tracing out the contour curve 
ARBPA will be to provide a reading on the 
wheel equivalent to the area enclosed. 

§ (9) Linear Planimeters. — These instru- 
ments as a class are based essentially on the 
foregoing principles, and differ among them- 
selves only in the details that render particular 
forms more suitable to special kinds of dia- 
grams than others. The Coffin planimeter, for 
example, is perhaps the simplest form of the 
linear type, and is much used for indicator 
diagrams, for which it is specially adapted. 
It consists of little more than the guide rail, 
tracer arm, and recording wheel as described 
above. A more elaborate form of linear 
planimeter is shown in Fig. 5, a type, as 
will shortly be seen, that lends itself easily to 
modifications that enable moments of inertia, 
etc., also to be measured. 

In this the guide bar is not the axis of 
X, but is parallel to it, the pole of the 
instrument being constrained to move 
parallel to the guide bar by the two wheels 

X W of the planimeter which run along 
— grooves in the bar. 


c' 



D / 

0 C Q 

Q' E 

> X 


Fig. 4 . is immaterial whether 

the tracing point be 
taken from. C to A and finally from B to D, or 
from O' to A and finally from B to D', so long 
as C' and D' are equidistant from OX, since the 
reading along CG' neutralises that along D'D. 
Accordingly, if A and B be two points on the 
closed curve APBR equidistant from OX, on 
guiding the tracing point along ARB the area 
GARB will be registered, while on returning 


— -j — 1 By this means the 

/ x region in the neigh- 

/ cq hourhood of the pole 

-J S is free of the guide 

/ § bar and enables 

[I p 25 modifications for 

&T — -o moments, etc., to be 

MbT ~ x” - easily added. This 

> Nd planimeter will be 

described in detail later. 

.5. § (10) Accuracy, Errors, a nd 

Sources of Error. — In planimeters of 
the types under discussion there are two main 
sources of error ; they are that due to any 
lack of parallelism between the axis of th© 
recording wheel and the tracing arm, and the 
slipping instead of rolling of this wheel due 
to frictional causes or 

unevenness in the chart 

paper. f 

As far as first order errors V / J \ 

are concerned, due to the 
former causes, certain y/ a l 
modifications in the Amslet* ' 

Planimeter, giving what f \ 
are called compensating ( oN' ) 
planimeters, enable these V q' y 
to be eliminated with com- 
parative ease. If the angle F 10 - 

between the axis of the 
wheel and P'P, the tracing arm (Fig. 6), 
be a small quantity a, then the reading 
recorded by the wheel will be ds sin ( 0 - a) 
instead of ds sin 0 for a small displace- 
ment PQ. For the position on the circle C' 
symmetrical about th© position OP the 
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reading due to an equal small displace- 
ment will be ds sin (ir - 6 -fa) instead of 
ds sin (- 7 r - 6 ). In tracing the curve C, therefore, 
starting with the first position the total reading 
will he fds sin (0 - a), while with the second 
position it is Jds sin (ir — d + a) — fds sin (0 + a)- 
If the arithmetic mean of these two readings 
be taken, the result will therefore be 

%fds [sin (#— a) + sin ( 6 + a )]=fds cos a sin 6 

a 3 

—fds sin 6— ^ fds sin B + . . . , 

indicating that the mean of the two readings 
gives a result which differs from the true 
readings ds sin 6 only by a quantity of the 
second order in a. To conduct this double 
operation necessarily involves taking two 
readings, one with the pole to the left and one 
with the pole to the right of the tracer arm. 
This is not possible with the ordinary simple. 
Amsler type, since the tracer arm is mounted 
above the pole arm so that the range of the 
tracer arm is restricted (cf. Fig. 2 ), but simple 
mechanical changes have been introduced to 
facilitate this, producing what are called 
compensating planimeters. 

As regards the second source of error, that 
occasioned by the slipping or jumping of the 
integrating wheel over unavoidable unevenness 
or crinkling on the paper, a special form of 
instrument designed to minimise this effect, 
if not actually to eliminate it, has been devised. 
In this modified form the recording wheel, 
instead of rolling directly on the paper, is 
mounted to roll in contact with a smooth 
horizontal disc which is geared to a larger 
wheel rolling on the diagram. The use of this 
type is rather limited, and for normal work 
the simpler form generally suffices. 

Quite apart from the fineness of adjustment 
of the various parts of a planimeter and the 
smoothness or otherwise of the paper, the 
accuracy of the instrument depends very 
materially on the possible accuracy in reading 
the wheel. This is increased by two methods : 
in the first place a fine vernier (Fig. 2 ) is usually 
fitted alongside the recording wheel to allow 
fractions of a small division to be accurately 
read ; in the second place, since the distance 
traversed by the wheel, and therefore the 
reading on the wheel, will increase with the 
length of the tracing arm, the accuracy of 
measurement of small areas may be con- 
siderably enhanced by a lengthening of this 
arm. This is accomplished by sliding this piece 
through a socket at P' (Fig. 2 ), an arrangement 
moreover that enables the length to be so 
adjusted as to provide the reading directly in 
various alternative units, e.g. square inches 
or square centimetres. A verification of the 
setting is normally made by means of a simple 

n A a -*%-*.** — * "I* - * 


strip at one end of which, and at right angles 
to the fiat face of which, is a needle point. 
This point, when pressed into the paper, 
furnishes a centre about which the strip may 
rotate. If the tracing point of the planimeter 
is inserted into one of a series of holes drilled 
through the strip at various graduated marks 
along its length, the planimeter can be guided 
to trace very accurately a circle of known 
area, and the reading on the roller of the 
instrument may be compared with this 
value. 

While lack of careful adjustment of the 
various parts of a planimeter and friction at 
the junction may seriously militate against 
the accuracy and reliability of a planimeter, 
nevertheless in general a very high standard 
of accuracy is easily attained, higher certainly, 
as far as most experimental applications are 
concerned, than the diagrams themselves 
warrant. Extensive and careful tests by 
numerous observers have brought out the 
limits of accuracy of the instrument. In the 
case of the polar type, Amsler found that the 
maximum error occurs when the direction of 
motion is inclined at an angle of 45 ° to the 
axis of the integrating wheel, and of magnitude 
•1 per cent at most. With a disc typo of 
planimeter he found that on making a series 
of successive readings equivalent to 130 
revolutions of the disc, the ratio of disc and 
roller readings did not vary in the worst case 
by more than 0-0003, and generally by less 
than 0 - 000001 . 

It is obvious from these figures that the 
planimeter is an instrument of an exceptionally 
high degree of accuracy, and for most practical 
purposes of an engineering or physical nature 
may be presumed to introduce errors of much 
smaller magnitude than those involved in the 
plotting and sketching of a graph. 

§ (11) The Radial Averaging Instrument. 
—Mention may here be made of an exceedingly 
simple instrument known as the Radial 
Averaging Instrument. Strictly regarded, it is 
perhaps not a planimeter in the ordinary 
sense of an instrument for measuring areas ; 
its more direct application is to determine the 
mean value of a series of quantities such as 
are plotted on a polar diagram. It is, however, 
usually contained as a component part of the 
Universal Planimeter, designed for the com- 
putation of areas and mean ordinates of 
diagrams of self-recording instruments, drawn 
either on strips or on circular charts. The 
averaging instrument consists essentially of 
an ordinary tracer arm grooved on the lower 
surface and resting on the ball-shaped head 
of a centre pin fixed at the centre of the radial 
chart. By this means, when the tracing 
point passes over the curve, making one 
complete circuit, the arm lengthens or shortens 
by sliding on the head in the groove. The 
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normal planimeter recording wheel on the 
tracer arm with its axis parallel to the latter 
gives the reading in the ordinary way. If the 
registration is less or greater than one round 
of the chart, the multiplying constant must 
be accordingly altered. The theory of the 
instrument is simple. If r 19 r 2 . . . r n be the 
n values of r corresponding to n readings spaced 
equally at intervals 80 round the whole circuit, 
then ndO = 2i r. The mean value of r is 


<Ti+r*± • - ■ r n ) 

n 


S r n 8Q 

2 7T 



Since the axis of the recording wheel is parallel 
to the radius vector, the former will register 
only the components perpendicular to r of all 
motions of the tracing point derived by 
running round the curve. For an elementary 
displacement of angle 50, when the radius 
vector varies from c to r + or, this component 
is r86 ; hence the total reading recorded on 
the roller is frdO, from which the required 
mean value is at once obtained. 

§ (12) Inteqrometers. — The expression 
integrometer is a general term for any inte- 
grating instrument, and as such embraces 
planimeters designed purely for the measure- 
ment of area. In general usage, however, it is 
restricted to apply to what are also termed 
moment planimeters, that is to say, instru- 
ments for evaluating the moment and the 
moment of inertia about a given line of the 
area enclosed by a given curve. These 
quantities occur, of course, very frequently 
in most branches of engineering design, and 
whenever centres of gravity, of pressure, etc. 
are required. 

If the ordinate of the curve in question 
above the given datum line XX, chosen for 
the purpose to coincide with the axis about 
which the moments, etc. are required, is 
represented by y, then the . area, moment of 
area, and moment of inertia may be repre- 
sented symbolically as J'ydx, lfy 2 dx, and Iftpdx 
respectively, the integral in all cases being 
taken right round the closed curve. The 
evaluation of the first integral lias already 
been accomplished by means of the linear 
planimeter, where one end of the tracing arm 
is constrained to move along XX by means 
of a guide bar, an integrating wheel being 
attached at some intermediate point on the 
tracing arm. The remaining two integrals 
can he evaluated quite easily by a compara- 
tively simple development of this instrument. 
The requirements and nature of this additional 
device will be obvious from the following 
elementary theory. 

§ (13) Moment oe Area. — If OP be a rod 
{Figs. 3 and 4) of constant length l, constrained 
at O to travel along XX, while P traces out 
the curve C, then for any position y = l sin 6. 


The integral corresponding to the moment of 
the area consequently requires the evaluation 
of fy 2 dx — l 2 f sin 2 0dx= U 2 jdx(l -cos 20), the 
integral being taken right round the curve. 
But on making such a complete circuit fdx = 0, 


.•. Moment of area = — \Pfdx cos 26 

= — Jffij'dx sin 20^. 


Now it has already been seen that when an 
integrating wheel is attached to OP and rolls 
on the diagram so that its axis makes an 
angle 6 with XX, its reading will record 
fds sin 6. In the same way, if a recording 
wheel could be attached to OP in such a way 
that its axis made an angle of 7t/2 - 26 with 
XX the value of the integral would be 
registered directly on the wheel. Such are 
the mechanical requirements of an instrument 
for measurement of moments of area. 

§ (14) Moment or Inertia. — For the esti- 
mation of moments of inertia, the quantity 
to he evaluated is 


\ijy z dx - 


v r . 3 

: .JJ Sill 3 


, P /- . Z 3 n . 

Odx — dx am 6 — &x sm 30. 


Now the ordinary integrating wheel for 
measurement of area will record fdx sin 0, 
while if in addition a wheel could be attached 
so that its axis made an angle 30 with XX 
when OP made an angle 0, the reading on 
such a wheel would provide the last integral. 

The readings thus obtained would provide 
the requisite data for estimating the moment 
of inertia of the area. In the Amsler integro- 
meters all three devices — for the measurement 
of area, of moment of area, and moment of 
inertia — are incorporated in the one instrument, 
although, there is a smaller form of the same 
instrument where only the first two are 
embodied. The integrating wheel giving the 
area rolls on the paper, the remaining wheels 
rolling on discs in a manner similar to the disc 
planimeter. Fig. 5 gives a diagram of the 
Amsler integrator. YY is a guide rail so 
adjusted as to ensure that O, the centre of 
rotation of the tracing arm OP, lies on the 
axis of moments XX, the adjustment being 
effected by means of the two distance bars 
which at one end run in a slot in the guide 
rail. A simple integrating wheel R on OP 
running on the chart provides fds sin 0 in 
the usual manner, and consequently measures 
the area of the curve traced out. Rigidly 
attached to the rod OP is a frame consisting 
of a circle AB of radius 2a, say, and a portion 
ST of a circle of radius 3a, both with their 
centres at 0. 

An inclination 0 to OP causes the circular 
frame to rotate about O through an angle 0. 
Geared to the arc of radius 3a is a circular 
disc I of radius a , and to the arc of radius 2 a 
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another circular disc M, also of radius a . 
When OP, consequently, turns through an 
angle 0, M will turn through an angle 20, 
and I through 30- In M and I simple 
recording wheels are set with their axes in 
the plane of the discs, and such that when 
OP lies along XX they are respectively 
perpendicular to and parallel to OP. It 
follows that when P traces out the curve, 
It will record fds sin 0, the roller on M will 
record fds sin (tt/2 — 20), i.e. fdx cos 20, and 
the roller on I will record fdx sin 30, the 
three integrals which, as has been seen, are 
required for the measurement of moment, 
and of moment of inertia, 

§ (15) Integraphs. — While the instruments 
for the mechanical evaluation of areas and 
moments in common use in engineering and 
physical laboratories consist usually of plani- 
meters and integrometers, there is a class 
of instrument known as an integraph whose 
function is to graph the integral curve directly 
on the chart. The earliest form of integraph 
is apparently due to Abdank- Abakanowicz 
(1878), and through the researches of Professor 
Pascal of Naples a number of integraphs 
have been invented for special purposes. 
It is proposed here merely to explain 
the principles upon which two of these 
depend. 

§ (16) Abbank-Abakanowicz Integraph:. 
— This instrument is designed to trace the 
curve y=f dxf(x) from the known curve 
y=f{x). PQRS is a frame whose base 
{Fig. 7) RS is constrained to travel along the 

guide XX, while 
Q the variable 

/ ^ point 0 on QS 
q traces out the 

given curve 
y~f{x). At any 
position therefore 

SC =/(#). O is a 

x R S X fixed point in 

Fig. 7. RS at unit dis- 

tance from S. A 
variable point <7 in RP fitted with an inte- 
grating wheel is constrained by a suitable 
mechanism always to move parallel to the 
rod OC. The tangent to the curve traced 
out by the integrating wheel at C' will therefore 
be parallel to OC ; that is to say, for the curve 
at C' 

dx 0S"" JW ’ 
y=/dxf(x) ; 

consequently O' traces out a curve, the ordin- 
ates of which give the required integral 
f dxf(x). 

§ (17) Pascal Integraph. — A more general 
form of integraph, invented by Professor 



Pascal, enables the solution of the differential 
equation \dy/dx ~\~y = f{x) to be traced as a 
curve directly from the graph of f(x). Once 
more PQRS {Fig. 7) is a frame capable of 
being adjusted to a breadth X and constrained 
as before to slid© along XX. The graph 
of y^f{x) meets SQ in C. The rod GC X is 
slotted at C to run easily in any position 
through. SQ, while at C x there is an integrating 
wheel whose axis is at right angles to GG X . 
It follows that as the frame slides along XX 
and C traces out the curve y = t /(:r), the tangent 
to the curve traced out by G x will always be 
C X C. The path of C x is the integral curve, 
for if {x 9 y) be the co-ordinates of 0 X on the 
curve traced out 


dy , £ nn SC—RCi 
..Sl.-,|V Of 0,0 = K y 


/(*«)“?/ 

X ’ 


Hence the co-ordinates of C t satisfy the 
equation 



+ y=f(x). 


The particular curve of the series of integrals 
required in any particular ease is, of course, 
determined by fixing the position of or O', 
as the case may be, to satisfy the initial 
conditions. 

Neither of the instruments whose principles 
have been described in this and the preceding 
paragraph have come into general use to any 
great extent. 

§ (18) Polar Integraph. — Another instru- 
ment, the Polar Integraph, has also been 
invented by Professor Pascal, which aims at 
constructing a curve in polar co-ordinates 
whose radius vector at any point is the value 
of the integral frdO, where r=f(B) is a given 
polar curve. 

The frame ORS (Fig. 8) in the shape of a 
circular sector — for illustration, the particular 
case of a quadrant 
is taken — is capable 
of rotation about 
the fixed pole O, 
and runs on a 
heavy wheel at S. 

A variable point P 
on OS traces out 
the curve r=f(6) as 
the sector rotates. 



Fig. 8. 


At V', the point of intersection of the rod PP' 
with OR, is a tracing wheel whose axis makes 
a constant angle — taken here for illustration 
as zero — with PP'. Here PP' coincides with 
the axis of the wheel and therefore will always 
he normal to the curve traced out by the wheel 
at P'. The tangent at P' is P'Q'. Then if 
OP' = r' and OP=r, 


tan OP'Q' 


MO+vfr) 

dr' 


r 


,d() 

dr'’ 
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from the ordinary expression for the angle 
between the radius vector and the tangent. 
But tan OP , Q / =cot OP / P=r / /r, 

r' _ ,d6 
r ~ T dr'’ 

1 __ dl) 

*’* r~dr' } 

r' —Jrdd =J'f(6)dd. 

It follows that the radius vector of the curve 
traced out by the wheel at P' is the integral 
with respect to 6 of the polar curve 
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Interchangeability op Standards, partial 
and universal. See “ Metrology,” § (20). 

Interference Fits : definition of term. See 
“ Metrology,” § (29) (ii.) (6). 

International Metric Standard Thread. 
See “ Gauges,” § (49). 

Invar : a material with low coefficient of 
expansion. See “ Metrology,” § (4). 

And other nickel steel alloys: general dis- 
cussion of properties. See “ Line Stand- 
ards,” § (4). 

Composition, coefficient of expansion : its 
anomalies of expansion, its instability, 
method of ageing, etc. See ibid. § (5). 

See also “Invar and Elinvar,” Vol. V. 

s 

Inversions in ti-ie Atmosphere. Regions 
in which temperature increases with height, 
occurrence of, in the atmosphere. See 
“ Atmosphere, Thermodynamics of the,” 
§§ (5), (7). See also “ Atmosphere, Physics 
of,” §§ (5), (13). 

In meteorology the word “ inversion ” 
usually refers to an inversion of the lapse- 
rate of temperature, the temperature 
increasing instead of decreasing with 


height. Inversions near the ground are 
frequent in winter. They occur on clear 
calm nights, and are the result of radiation 
from the ground into outer space continued 
through the long nights. Similar inver- 
sions occur at the top of stratus clouds, 
and occasionally inversions occur in the 
troposphere not in association with clouds. 
The latter do not extend over a great range 
of height. At the base of the stratosphere 
there is frequently an increase of tempera- 
ture with height, and for this reason the 
stratosphere is sometimes called the “ upper 
inversion.” 

Ionisation in the Atmosphere. See “ At- 
mospheric Electricity,” § (10). 

Ions : 

Number and mobility of, in atmosphere. 

See “ Atmospheric Electricity,” § (12). 
Source of, in atmosphere. See ibid. § (13). 

Iridescent Clouds. See “ Meteorological 
Optics,” § (15) (ii.). 

Irreversible Changes op Nickel Steel 
Alloys. See “ Line Standards,” § (4) (ii.) 
and (iii.). See also “ Invar and Elinvar,” 
Vol. V. 

Isallobars : lines showing equal change of 
pressure. See “ Atmosphere, Physics of,” 
§ ( 20 ). 

Isentropic, without change of entropy. See 
“ Entropy ” and “ Adiabatic.” 

Isobars : hues of equal pressure. 

Isobars are lines on a chart showing equal 
barometric pressure at mean sea-level. 
It is important to note that the pressures 
read from the barometer are corrected 
for the height above mean sea-level and 
for variation of gravity with latitude 
before they are plotted on the synoptic 
chart. The drawing of isobars is strictly 
analogous to drawing contour lines on a 
map. For a discussion of types of isobars 
see article “ Atmosphere, Physics of the,” 
§ ( 17 ). 

' Calculation of flow of air over, for different 
distributions of velocity. See “ Atmo- 
sphere, Thermodynamics of the,” § (16). 
See also “ Pressure.” 

Straight. See “ Atmosphere, Physics of,” 

§ (18) (vii.). 

Types of. See ibid. § (18). 

Isograph. See “ Draughting Devices,” p. 
272. 

Isotasy : Sir S. G. Burrard. See “ Gravity 
Survey,” § (15) (ii.). 

Hayford’s theory. See ibid. § (15) (i.). 
Professor Love. See ibid. § (15) (iii,). 
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J 


Jordan Sunshine-recorder. See “Meteoro- 
logical Instruments,” § (25). See also 


“ Radiant Heat and its Spectrum Dis- 
tribution,” § (2). 


K 


Kata Thermometer. See “ Humidity,’ 5 II. 

§ ( 11 ). 

Kater’s Pendulum. See cc Gravity Survey,” 

§ (2) (i.). 

Kennedy Meter. See “Meters for Measure- 
ment of Liquids/ 5 § (1). 

Kilogramme : the metric unit of mass, 
originally defined in terms of a cubic 
decimetre of water. See “ Volume, 
Measurements of, 55 § (1). 

International prototype, material of : 


platinum-iridium, alloy (10 per cent 
iridium). See “ Balances, 55 § (8). 

Kinetic Energy : 

Of the general circulation of the atmo- 
sphere. See <£ Atmosphere, Thermo- 
dynamics of the,” § (9). 

Of cyclones. See ibid , § (26). 

Kites, as used for the Investigation of the 
Upper Air. See “ Air, Investigation of 
Upper,” § (2). 

Knife-edges oe Equi-arm Balance. See 
“Balances, 55 § (1) (iii.). 


L 


Lapse : a word used to denote the variation 
of any element of the atmosphere with 
height. It corresponds with “gradient, 55 
which in meteorology is used to denote 
variation in a horizontal direction. See 
“ Pressure,” ct Temperature,” etc. See also 
“ Air, Investigation of the Upper,” § (11). 

Lapse-rate of Temperature. The rate of 
change of temperature per unit of vertical 
height is called the lapse-rate of tempera- 
ture, the term gradient of temperature being 
retained for variations in the horizontal 
plane. 

Latent Heat of Water and Water- vapour. 
See tc Atmosphere, Thermodynamics of the, 5 ’ 
§ (2). For measurement of. See “ Latent 
Heat, 5 ’ Vol. I. 

Laths for Curve Drawing. See c< Draught- 
ing Devices,” p, 272. 

Latitude, Determination of, by meridian 
altitudes. See “ Latitude, Longitude, 
and Azimuth, by Observation in the 
Field,” § (6). 

By observation in the field, the time being 
known. See ibid. § (4). 

Prismatic astrolabe method. See “ Gravity 
Survey,” § (8) (ii.). 

Talcott method. See ibid . § (8) (i*), 

LATITUDE, LONGITUDE, AND AZIMUTH 
BY OBSERVATION IN THE FIELD 

§ (1) Instruments and Methods, — In order 
that any survey may be placed upon the 
earth in its true position and orientation we 
require the latitude and longitude of one point 


and the azimuth of one line. These must 
be determined by astronomical observation in 
the field. The instruments used are — 

{a) The sextant, necessary at sea, but 
never to be used on land if a theodolite is 
available, unless concealment must be 
practised. The sextant used with artificial 
horizon cannot measure altitudes greater 
than 65°, and is therefore useless for noon 
observation of the sun in low latitudes ; and 
it cannot measure azimuths without com- 
plication and inconvenience. 

(6) The theodolite, the normal instrument 
for survey, which for astronomical work 
should be fitted with dark glasses for sun, a 
sensitive level (1 div.^5") on the microscope 
or vernier arm, and diagonal eyepiece for 
altitudes higher than 45°. The five-inch 
micrometer theodolite is the most suitable 
for general use in the field, though in hot 
still weather convection currents by unequal 
heating disturb the microscope adjustments, 
and verniers may give as good results, except 
for the difficulty of illuminating them at 
night. 

(c) The zenith telescope, or the theodolite 
fitted with an eyepiece micrometer, for 
measuring small differences of zenith distance, 
is used in precise latitude work, in first order 
surveys. 

(d) The prismatic astrolabe is much used 
by the French, and lately by the Survey of 
Egypt, for latitude and time, but cannot 
determine azimuth. 

(e) Half-chronometer watches are carried in 
the field in preference to box chronometers. 

(/) Field sets for the receipt of wireless 
time signals have immensely simplified and 
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improved the accuracy of field determinations 
of longitude. 

(i g ) Logarithm tables of the trigonometrical 
functions to single second of arc are essential 
to rapid work : those of Bagay or of Peters are 
the best. 

The tendenoy of modem practice has been 
to break away from the text- book methods 
of determining position in the field, and it is 
difficult to specify those that should now be 
considered the standard methods of observa- 
tion. All methods must be arranged to 
eliminate the errors of adjustment of the 
instruments, and the text-book method of 
measuring an altitude with the theodolite 
requires that the instrument shall be reversed 
after one observation and a second made 
with face of the vertical circle on the opposite 
side : the mean of the two, which is free from 
errors of collimation and zero, being reckoned 
as one complete observation, and one half 
useless without the other. There will, how- 
ever, still remain in the corrected altitude any 
errors duo to flexure (or more probably shake 
in the telescope of the theodolite), to person- 
ality of bisection, and to systematic errors 
in the calculated refraction ; to eliminate 
which it is necessary to observe a second star 
on the opposite side of the zenith, so that these 
errors shall enter into the result with opposite 
sign, and be eliminated also in the mean of 
the two. But if this is necessary, then the 
necessity for changing face really disappears, 
because the errors which it eliminates are 
equally eliminated by combination of the pair 
of stars, north and south for latitude, or east 
and west for time and azimuth. On the 
other hand, if the weather be uncertain, there 
may be time to get a complete observation 
of one star on both faces, but not to get the 
incomplete observation of two opposite stars 
on one face, which together will make a com- 
plete observation. Hence in doubtful weather 
the former method is surer than the latter, 
and it must be left to the judgement of the 
observer how far he can go in abandoning the 
canonical method of changing face on each 
star. We will describe first the strict text- 
book methods, and indicate later the modi- 
fications that an experienced observer may 
make with advantage. 

§ (2) Time and Azimuth, the Latitude 

BEING KNOWN APPROXIMATELY. All stars 

which cross the prime vertical are moving 
most quickly in altitude and least in azimuth 
when they are upon that circle : they are 
then best suited for determination of time and 
azimuth. Tor convenience of explanation we 
may treat the two together as derived from 
one observation, though the best results are 
obtained by concentrating attention on one 
or the other. Suppose, then, that in latitude 
<p (approx.) a star near the prime vertical 


east, of north polar distance p, is observed in 
altitude h at time by chronometer T, and that 
the reading of the horizontal circle on the star 
is A x , while that on a terrestrial reference 
object (R.O.) is A 0 ; then if s—i(<p +p + h) 
we have, by a slight adaptation of the ordinary 
formulae of spherical trigonometry, 

tan \t = [cos a sin ( s — h) cosec ( s — <p) sec (s —p)]^> 

tan £A=[sec s sin (s — li) sin (s - <f>) sec (s -p)]£, 

from which the hour angle t or the azimuth A 
may be calculated. Prom the hour angle of 
a star of known right ascension wo can 
calculate immediately the local sidereal 
time, and thence the local mean time, for 
comparison with the recorded chronometer 
time and the derivation of the chronometer 
error. The azimuth A given by the above 
expression is reckoned from the elevated polo 
to the celestial object, east or west as the case 
may be : it is transformed into azimuth 
measured clockwise from south in geodetic 
work. 

Prom the calculated azimuth of the star, 
and the observed difference between the 
azimuths of the star and the R.O., we have 
the azimuth of the R.O. and thence of any 
other terrestrial mark that may be observed 
with it at the same station. 

In practice the observation on the star must 
be repeated several times, to average out the 
accidental errors of observation, and in these 
repetitions the theodolite must be reversed, 
according to the programme : face L, R, R, L, 
so that the errors of zero and collimation shall 
be eliminated from the mean of the results, 
an equal number of observations being made 
on each face ; and each altitude reading must 
be corrected for the readings of the bubble on 
the microscope arm, to allow for the small 
dislevelments of the instrument during the 
course of the observations, or slight eccentricity 
of the microscope arm on the horizontal axis. 
Finally, an equal number of stars should be 
observed east and west, so that the mean 
result may be free from any error constant 
in amount and systematic in character, such 
as personality in setting, or shake of the 
telescope objective or diaphragm or inner 
tube. 

Such in their main lines are the standard 
observations for time and azimuth, by east 
and west stars. The many important details 
of good practice may be studied in a text- 
book Buch as that of Close and Cox, where the 
forms of computation are well set out. 

§ (3) Azimuth by Stars at greatest 
Elongation East or West. — Any star that 
crosses the prime vertical, that is, whose de- 
clination is less than the latitude of the place, is 
moving slowest in azimuth when it is upon the 
prime vertical, and should he observed about 
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that time when it is observed for azimuth by 
the ordinary method of I. But stars farther 
from the equator, which pass between the pole 
and the zenith, will, instead of continuously 
increasing their azimuths, reach a maximum 
azimuth east, decline to azimuth zero again as 
they cross the meridian, and pass to a maxi- 
mum azimuth west. At their greatest 
elongations” they may be observed very accu- 
rately for azimuth, provided that the altitude 
of the star at elongation is not too great. In 
latitude <p and for star of N.P.D. p the azimuth 
at maximum is given by sin A=sec <fi sin p ; 
the hour angle by cos £=tan <f> tan p ; and 
the altitude by sin A^=sin <j> sec p . From these 
simple expressions it is easy to prepare a 
programme for observation. 

For stars within a few degrees of the pole, 
and when great accuracy is not required, it 
is sufficient to calculate the hour angle and 
thence the chronometer time of the maximum 
elongation, and take a series of pointings 
within say four minutes on each side of the 
maximum : calculating the azimuth at 

maximum from the expression above, and 
assuming that it is sensibly constant during 
the observation. But for stars farther from 
the pole, and when accuracy is required, this 
is not sufficient. The azimuth at the moment 
of each pointing must be computed from the 
hour angle by the expression 

tan A=tan t cos M cosec (M - <£), 

where tan M=cot p sec L 

Since the azimuth is passing through a 
maximum it is not sufficient to calculate it 
for the mean of the hour angles, but it must 
be calculated separately for each value of 
t And the hour angles must be calculated 
with precise local time, an observation for 
error of chronometer having been made 
immediately before or after the observation 
for azimuth. 

§ (4) Latitude, the Time being known. — 
The normal determination of latitude 1 is made 
by observation of the altitudes of stars in 
or near the meridian. So long as it is neces- 
sary to make repeated observations, with 
change of face, it is impossible to make the 
observations exactly on the meridian ; but 
with an approximate knowledge of the local 
time of transit and of the error of the chrono- 
meter on that time, each observation in the 
neighbourhood of the meridian may be cor- 
rected to the meridian altitude by the expression 

2 sin 2 £A t cos (p sin p sec h cosec 1 ", 

varying with the square of the hour angle At, 
and requiring the addition of a second term 
if the hour angle is greater than about ten 
minutes, which should never be necessary. 
For the same reasons as above the stars should 

1 See also “ Gravity Survey/' § (8). 


be observed in pairs north and south of the 
zenith, at nearly the same altitudes to avoid 
errors of refraction, and with the usual 
systematic reversal of the theodolite and 
readings of the microscope levels. 

Observations of the sun, with pointing 
alternately at the upper and lower, east and 
west limbs, may be made on the same 
principles for latitude, time, and azimuth, 
but give accuracy much less than that from 
stars, because the observations cannot be 
taken in balanced pairs, cannot usually be 
made at a good altitude on the prime vertical, 
and are inherently less exact than observations 
on the minute images of the stars. 

The above standard methods of finding 
time, azimuth, and latitude have been found 
by long experience to be the best for general 
use on boundary and reconnaissance surveys, 
by observers of perhaps no great experience, 
in uncertain conditions of weather. The 
experienced observer in favourable conditions 
may with advantage depart from the above 
rigorous methods by omitting the constant 
change of face if he is certain of getting well- 
balanced pairs of stars on one face or the other, 
or by adopting one of the methods which 
follow ; but he should not do this until ho 
is thoroughly skilled, and an accomplished 
computer. 

Since latitude is required in determination 
of time, and time in determination of latitude, 
the process is clearly one of successive approxi- 
mation. The latitude will usually be known 
by account within a minute or two, which is 
sufficient for finding time, especially since if 
the star is close to the prime vertical the 
calculation is nearly independent of errors 
in the latitude ; the local time being then 
known, and the right ascension of the star, 
it is easy to calculate the small hour angles 
required to reduce the circum-meridian to 
the meridian altitudes. In practice it is 
usually sufficient to take out the values of 
2 sin 2 £A t cosec 1" (from tables) for each 
observed altitude and multiply the mean by 
the value of cos <p sin p sec h for the mean 
altitude. 

The method of finding time from altitudes- 
of stars, on or about the prime vertical, is used 
in the field because it is easy to control the 
corrections to an observed altitude ; the 
fixed observatory method of transit over the 
meridian cannot be employed in the field 
because the theodolite is not stable enough 
for adjustment in the meridian, nor would 
it be possible to obtain readily the corrections 
for collimation, level, and azimuth. 

§ (5) Time and Latitude by equal. Alti- 
tudes OF THREE OR MORE STARS. This 

method has been much employed of late years ; 
it is fundamental in the use of the prismatic 
astrolabe but has many advantages in 
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theodolite work, since the absolute altitude 
is not required : only that the three observa- 
tions be made at the same altitude ; no circle 
readings are wanted, but the theodolite 
must have a sensitive level on the vernier or 
microscope arm of the vertical circle, to 
control slight dislevelment during the observa- 
tions. The rate of the watch must be known. 

With assumed (approximate) values of 
latitude <p and time t of the observation of a 
star of declination S, calculate the altitude 
h and the azimuth A from the formulae 

sin h = sin <p sin 8 + cos <f> cos 8 cos t, 
sin A=cos 8 sin t sec h. 

Then if h 0 is the unknown constant altitude 
at which the stars have been observed, subject 
only to the small correction n for the readings 
of the level ; and if d<p and dT are the correc- 
tions to the assumed latitude and watch 
error respectively, each star gives an equation 

7i + cos A d<f> + 15 cos <j> sin AdT -h () ~n= 0, 

and with three stars giving three such equa- 
tions we may solve for d<p, dT, and h 0 . 

If latitude is the principal consideration, the 
best result is obtained by choosing one star 
close to the meridian north, and the two 
others about an hour on either side of the 
meridian south. If time is the principal 
object, one chooses two stars near the prime 
vertical east and west, and one near the 
meridian north or south. 

The method is not confined to three stars ; 
any number may be observed and the solution 
made by least squares, or preferably by the 
graphical construction described below : an 
enlargement of the well-known method of 
the “ new navigation.” This method by equal 
altitudes requires time in the preparation of a 
programme (which may be much shortened 
by the use of the tables when using the 
prismatic astrolabe) and skilled computing ; 
but those who have used it extensively in 
the field are convinced that it is more accurate 
than the ordinary methods. 

(-i.) Graphical Methods of Reduction . — The 
usual method of graphical reduction is based 
on the following process : assume an approxi- 
mate latitude and longitude for the place of 
observation (the position “ by account ”), and 
with the assumed longitude and the Greenwich 
mean times of the observations (from the 
chronometer, corrected for error and rate) 
calculate the corresponding altitudes of the 
stars observed. Calculate also from the same 
data their azimuths, or in rough work take 
them out from azimuth tables. Now com- 
pare with the observed altitudes corrected for 
refraction. The point of the earth having 
the star in its zenith at the instant of observa- 
tion is in the direction of the calculated 


azimuth, and all points on the earth having 
the star at a given altitude lie on a small 
circle round that point, cutting the azimuth 
line at right angles. If the observed altitude 
is greater than the calculated by a small 
quantity dh, this position circle cuts the 
azimuth line at the distance dh towards the 
star ; and the small arc of this circle required 
is practically identical with a line — the 
“ position line ” — drawn at right angles to 
the azimuth line at distance dh from the 
assumed position, paying attention to the 
sign of dh. A position line is drawn thus for 
each star, and the concluded position is the 
centre of the circle which is most nearly tangent 
to all the position lines. 

The process thus described, which is equiva- 
lent to the method of the “ new navigation,” 
has the disadvantage that the calculation can- 
not be begun until the observations have been 
made ; and if the results are required at once, 
the calculation must be made late at night, 
with likelihood of error due to fatigue. Messrs. 
Ball and Knox-Shaw have pointed out ( Geog . 
Journ. liv. 37) that in good climates, when 
observations can be secured with certainty, it 
is often convenient to compute the observa- 
tions of an equal-altitude series by an alter- 
native process, as follows: with an assumed 
latitude, and as close an approximation as 
possible to the constant altitude (corrected 
for refraction), calculate the corresponding 
local times, and compare with the recorded 
G.M.T.’s. Calculate the azimuths from the 
formula 

sin A=cos 5 sin t sec h, 

as bef o re . Plo t th e differences, local time minus 
G.M.T. (or longitude), along an axis as abscissae, 
and through these points draw position lines 
at right angles to the calculated azimuth lines. 
Find the centre of the circle which most 
nearly touches the four position lines. The 
abscissa of the centre will give the correction 
of the G.M.T. to local mean time, that is, the 
longitude of the place ; its ordinate, multiplied 
by the cosine of the latitude, will give the 
correction to the latitude. The radius of 
the circle is the correction to the assumed 
constant altitude. 

A similar method can be used for graphical 
reduction of any set of altitudes of stars, 
not necessarily at the same altitude. From 
the measured altitudes calculate the local 
times ; compare with the G.M.T. ; calculate 
the azimuths, and plot the position lines as 
above. No change of face is required, as any 
constant errors due to eollimation, index 
error, etc., will affect only the radius of the 
circle, and not the position of its centre. 

For a good result by this graphical method 
four stars at least are required, in azimuths 
differing by 90° as nearly as is convenient. 
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And since it is difficult to find stars crossing 
a given altitude circle near the meridian, it is 
best to choose stars reaching the desired 
altitude about the middle of the quadrants, 
i.e. S.E., S.W., N.W., and ISLE. Theoretically, 
three stars are sufficient ; but there is then 
no check against errors in observation and 
calculation. With four stars any serious 
error is immediately apparent, though it 
may not be possible to say which of two 
stars in opposite azimuths is wrong. With 
more than four stars the observation in 
error is obvious, and may be rejected or 
weighted down according to circumstances. 

Method I . — Rectangular axes through O, the 
position by account, meridian and parallel through O. 
Scale ; say 1 mm.=r. OA, B, C, D are the azimuths 
of four stars observed ; OM=obs. — calc, altitude of 
star A ; M aa is the position line at right angles 



to OA. Similarly constructed position lines are bb, 
cc, dd. The true position is Z, centre of circle most 
nearly tangent to four position lines. Correction 
to position by account is, in latitude ZN, in longitude 
ON sec 4>, where ZN is perpendicular to the parallel 
through O. As the figure is drawn the displacements 
of the pairs of position lines in opposite azimuths 
are not due principally to a constant error in observed 
altitudes. 

Method II . — Horizontal axis is the parallel of the 
latitude by account. Scale: say 10 mm. = h The 
points a, b 3 c , d are the plotted longitudes deduced from 



the four observed altitudes of stars in deduced 
azimuths aA , bB , etc. The position lines aa, bb, etc. 
are drawn perpendicular to these azimuths. The 


true position is Z, centre of circle most nearly tangent 
to four position lines. Its longitude Is represented 
by N ; the correction to the latitude by account; is 
4- ZN cos c p. As the figure is drawn the displace- 
ment of the position lines is due principally to a 
constant error in the observed altitudes of amount 
radius of circle x cos <f>, such as might be caused by 
error in the angle of prism of the prismatic astrolabe. 

§ (6) Latitude by Meridian Altitudes.— 
This is an admirable method for a skilled 
observer. A preliminary observation for 
time and azimuth enables the observer to 
prepare a list of chronometer times of transit 
of his stars, which should be equally balanced 
north and south of the zenith, and to set his 
theodolite so that the telescope describes 
the meridian — not with sufficient accuracy 
to allow of transit observations for time, 
but quite well enough to ensure that the 
star is sensibly at its maximum altitude when 
crossing the centre wire. The reduction is 
very simple, since the latitude is the comple- 
ment of the altitude of the equator, i.c. of the 
altitude of the star (corrected for level read- 
ings and refraction), h- the star's declination. 
If the observations aro equally balanced north 
and south it is not necessary to change face, 
and the process is rapid. 

An accurate modification of the method- 
known as Talcott’s— is possible when the 
theodolite is provided with an eyepiece 
micrometer for measuring small differences of 
altitude. With a preliminary approximate 
latitude, pairs of stars are chosen which 
transit north and south respectively at small 
differences of zenith distance within the 
range of the micrometer, which measures 
this difference directly, and no circle readings 
are made except for setting ; but the level 
must be sensitive and accurate, to correct 
for slight displacements of the vertical axis 
during the observations. To find sufficient 
pairs of stars it is necessary to go below the 
magnitude conveniently observable in all 
but the largest theodolites, and the Talcott 
method is perhaps more adapted to the 
zenith telescope ; but this instrument is 
outside the scope of the ordinary astronomical 
work in the field. 

§ (7) Latitude by Altitude of ttte Pole 
Star at any Time. — The pole star describes 
so small a circle about the celestial pole that 
its motion in altitude is very slow, and its 
altitude relative to the pole may be calculated 
if the time is known approximately. The 
formula for computation of the latitude from an 
observed altitude h (corrected for refraction) is 

0= A ~ V cos t + ip 2 sin 2 t sin l" tan h, 

when p is the north polar distance of the star in 
seconds of arc, taken from the daily ephemems 
in the Nautical Almanac , and t is the hour 
angle of the star. For rough determinations 
it is sufficient to use the table calculated in 
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the Nautical Almanac which gives an ap- 
proximation. to the above expression. Such 
observations of Polaris are often useful to 
balance observations south of the zenith. 
But a better way of using the pole-star is 
to include it in an equal altitude series, and 
work it up with the others, without any 
special form of computation as above. 

§ (8) Latitude and Time with the Pris- 
matic Astrolabe. — This comparatively new 
instrument, the invention of MM. Claude and 
Driencourt, has thoroughly established itself 
in use by the French Colonial surveyors, and 
more recently has been used on boundary 
survey and similar work by British offic'ers. 
The instrument itself is described elsewhere. 1 

Its merits are in some respects still matter 
for controversy, but generally those who use 
it become enthusiasts for it. Its un- 
doubted merits are (1) ease of manipulation: 
the adjustment is simple, and small errors of 
adjustment have no effect on the observed 
times ; (2) freedom from any instrumental 

readings, either of vertical circle or level : the 
observation is of time of passage over the 
horizontal wire ; (3) comfort of position : 

the telescope is always horizontal and at a 
convenient height for observation from a chair ; 
(4) superior accuracy. 

Its alleged demerits are : (5) images 

elongated, each being formed by only half 
an objective. Some observers find serious 
difficulty in this : others find none ; (6) 

disturbance by wind. It is agreed that 
observation is impossible in a moderate breeze, 
which disturbs the reflecting mercury surface ; 
(7) trouble in preparing programme of stars 
to be observed : this is now obviated by the 
tables in the Handbook by Dr. Ball and Mr. 
Knox-Shaw ; (8) restricted usefulness of 

instrument : it is incapable of determining 
azimuth, and cannot deal with any altitude 
but 60°. 

The last is the most serious : as the instru- 
ment cannot determine azimuth, a theodolite 
must always be taken with it, and will do the 
astrolabe’s proper work nearly though not 
quite so well. A theodolite gives good results 
also in a wind that puts the astrolabe out of 
action. Hence the latter cannot be carried 
unless there is transport for both. Neverthe- 
less the instrument has undoubted value, 
and will probably come into more general use 
as it becomes better known. 

The observations are reduced by the second 
graphical method given above, which was 
devised, for the purpose, and is markedly 
superior to the method described by the 
original inventors. 

§ (9) Longitude in the Field. 2 — The longi- 
tude is the difference between the local time 

1 See “ Gravity Survey,” § (8) (ii.) and § (9) (ii.). 

2 See also “ Gravity Survey,” § (9). 


and the time of the standard meridian of 
Greenwich, which for the comparison must 
be (1) determined by independent methods, 
or (2) carried by chronometers, or (3) sent by 
electric telegraph or wireless signal. 

The methods of class 1, by Lunar Distances, 
Moon-culminating Stars, Occultations of Stars 
by the Moon, Observation of Eclipses of the 
Sun or of Jupiter’s Satellites, can never give 
much accuracy, and may now be considered 
obsolete, or nearly so. For the method of 
Occultations — the last survivor — see Close and 
Cox, or Hints to Travellers. An average of 
only about five occultations per month can 
be observed with field instruments at any 
place, even if none are lost by bad weather; 
the average error of a longitude from a single 
occultation will be at least one second of time, 
or say 500 yards on the equator. The recent 
divergence of the moon by some 12" of arc 
from her tabular place makes it necessary 
to apply to Greenwich for corrected places 
of the moon if for any reason it has been 
necessary to use one of these lunar methods. 

The method of class 2, by transport of 
chronometers or watches, is also fast becoming 
obsolete. The care of a large number of 
watches is onerous, and they have nearly 
always a different rate travelling and standing 
still. The system on which they are com- 
pared daily and their rates determined is too 
long to be described here : see Close and Cox, 
p. 257, or for methods of the highest elaboration 
see Documents scientifiques de la mission Tilho 
(1906-1909), vol. i. part 2, chap. i. 

The methods of class 3 have been revolution- 
ised by the rapid extension of wireless time 
signals and the immense improvements in 
the receiving apparatus following on the 
invention of the amplifying valve. Exchange 
of time signals by electric telegraph is neces- 
sarily limited to countries of some develop- 
ment, is often hampered by the difficulty of 
securing uninterrupted use of the lino or its 
bad condition, and is affected also by obscure 
sources of error that produce discordances 
of about two-tenths of a second of time even 
in elaborate determinations made between 
well-equipped observatories, with automatic 
transmission of signals. Under field conditions 
the error of a telegraphic longitude may very 
well average several tenths, and the systematic 
effect of personality in observing and in trans- 
mitting signals makes it hard to improve on 
this by repetition of observations, unless the 
observers can be interchanged. Hence longi- 
tude by electric telegraph is an obsolescent 
method, and the future is with wireless. 

The time signals from the Eiffol Tower 
are controlled by the Paris Observatory, 
working in co-operation with other French 
and with British observatories : for current 
arrangements see the Yearbook of Wireless 



464 


LAW OF ERRORS— LENGTH, UNITS OF 


% 


Telegraphy . The signals comprise three series 
of “ordinary” time signals, usually accurate 
within 0*1 second, and one series of “ scientific ” 
signals, the vernier acoustique , of 300 beats in 
295 seconds, every sixtieth beat being sup- 
pressed for identification. These signals may 
be compared with clock or chronometer by 
the method of coincidences to an accuracy 
of about 0*02 sec., which is well within the 
absolute accuracy of the time signal, and much 
within the limits of time-determination in the 
field. A few minutes after these signals the 
precise time of the first and last, as observed 
at the Paris Observatory, is sent out by code 
signals. The reason for this procedure is 
that the transmitting clock cannot be brought 
so precisely to the correct time at the desired 
moment that its error is not appreciable 
when it is compared with the standard clocks 
of the very elaborate installation of the 
international time service. 

The ordinary signals of the Eiffel Tower 
have been used for some years already in the 
determination of longitudes by the officers 
of the Mission Tilho in the French Sudan, 
and the signals from Arlington near Washing- 
ton are easily received on the Amazon. As 
a preliminary to the improvement and exten- 
sion of the system of time signals throughout 
the world there is much activity in re -deter- 
mining the longitudes of the principal observa- 
tories ; but at the time of writing there is 
little information as to the average and extreme 
errors of the various services. 

§ (10) Deflection of the Vertical. — The 
astronomical determination of position on the 
spheroid involves the assumption that the 
direction of gravity, which controls the bubble 
of the level or the plane of the mercury surface, 
is normal to the spheroid at the point, which 
is only approximately true, owing to the 
irregular distribution of density in the crust of 
the earth, as well as to the existence of visible 
disturbing masses ; the mountains in excess, 
and the deep oceans in defect of density. The 
average value of this deviation of the vertical 
is several seconds of arc, even in country 
where the visible disturbing masses are 
slight. On the other hand, in very mountain- 
ous country, where the deviations calculated 
from the visible masses are large, the devia- 
tions are on the whole not nearly so great as 
they would be if those masses exerted their 
whole effect ; from which it is concluded 
that the visible excesses and defects of density 
are to a large extent compensated in the 
crust below. Nevertheless, the discrepancies 
between positions observed astronomically 
and the relative positions of the same points 
determined by triangulation are so considerable 
that their effect may become visible even on 
relatively small scales such as 1/250,000. 
Hence even if the observation in the field 


could be mad© errorless, a framework of 
observed latitudes and longitudes is an 
unsatisfactory basis for a map, as compared 
with a framework of triangulation : the 
points thus determined astronomically might 
be visibly discordant when plotted on the 
plane-table. On the other hand, there is 
something to bo said for mapping by astro- 
nomical positions rather than geodetic in 
country such as the Amazon basin, where it is 
impossible to see fixed points at any distance, 
and isolated positions must be determined 
astronomically, with resultant discordance 
from the map based on triangulation. 
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Law of Errors, deductions from. Sea 
“ Observations, the Combination of,” § (4). 

Least Squares : the principle that in 
measurements of unequal weight the most 
probable values of observed quantities are 
those that render the sum of the weighted 
squares of the residual errors a minimum. 
See “ Observations, the Combination of,” 

§ ( 10 ). 

Length, Units of . 1 (i.) The Metre .— The 
metre is defined as the distance, at the 
melting-point of ice, between the centres of 
two lines engraved upon the polished neutral 
web surface of a platinum -iridium bar of 
nearly X-shaped section called the Inter- 
national prototype metre . This is a copy of 
the original Borda platinum standard— 
the metre des archives — which was intended 
to be equal to 10~ 7 or one ten -millionth of 
the length of the meridian through Baris 
from Pole to Equator. According to 
Clarke’s figures the correct relation is a 
quadrants 1*0007 x 10 7 metres, the mean 
of the values obtained by Helmert and the 
U.S. Survey for the mean polar quadrant is 
1*00021 x 10 7 metres. The length of the 
bar as constructed is now taken as an 
arbitrary standard. 

(ii.) The Yard . — The yard was defined by 
the Weights and Measures Act, 1878, as the 
distance at temperature 62° B. between the 

1 Most of the information has been taken by per- 
mission from the Computer's Handbook of file 
Meteorological Office, to which the reader is referred 
for further details. 
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central transverse lines in two gold plugs in 
the bronze bar called the Imperial standard 
yard, when supported on bronze rollers so 
as best to avoid flexure of the bar. The 
bar is of 1 inch square section, and is 38 
inches long ; the defining lines are at the 
bottom of two holes so as to be in the 
median plane of the bar. 

( iii. ) Equivalents . — 

(a) Metric Units . 

Metre . . . 1 m. =39-370113 in. 

= 3-2S0843 ft. 

= 1-093614 yd. 

Kilometre. . 1 km. = 0-6213717 mi. 

( b ) British Units . 

Mile . . . 1 mi. =1609-343 m. 

Yard . . . 1 yd. = 0-9143992 m. 

Foot . . - 1 ft. = 0-3047997 m. 

Rich . . . 1 in. = 2-5399978 cm. 

Nautical mile (English) 1 = 1853-182 m. (Adm.) 

= 6080 ft. 

= 1-1515 statute mi. 

(c) Astronomical Units . — For astronomical 
work it is convenient to use larger units 
than those defined above. 

The astronomical unit is equal to the 
semi-major axis of the earth’s orbit. 

1 astronomical unit = 1 -495 x 10 8 km. 

= 9-289 x 10 7 mi. 

Parsec . . . = distance at which the astr. 

unit subtends 1 second (1")* 
= 206,000 astr. units approx. 

= 3-083 x 10 13 km, 

= 1 -9158 x 10 13 mi. 

Light-year . . =the distance travelled by 

light in 1 year (velocity of 
light =2 -9986 x 10 10 cm,/scc. 
= 186,326 mi. /sec.) 

= 0-31 parsec. 

(iv.) Small Units . — For measurements of 
the wave-length of light and X-rays the 
unit is one ten-thousand millionth metre, 
and is known as a tenth-metre ” or the 
Angstrom unit. 

Angstrom unit . . . 1 A.U. = 10” 10 m. 

Micron . . . . . 1 ju = 10“* 6 m. 

Millimicron . . . . 1 p/a — 10 m. 

Mil ..... 1 mil. =10' 3 in. 

(v.) Ancient French Units , 

1 toise =» 6 ft. = 1-9490366 in. =2-1314918 yd. 

1 foot =12 in. = 0-3248394 m. =1-0657461 ft. 

1 inch = 12 Paris 

lines . . =27-069953 mm. = 1-0657461 in. 

1 line . . = 2-255829 mm. =0-0882165 in. 

(vi.) Russian Measures . . 

1 verst = 1-06678 km. =0-663 mi. 

Units of Area. — M easures of area are 
based on the standard of length. 

1 See “ Geodetic Measures.” 


(i.) Equivaleiits . — 

(a) Metric Units. 

Square centimetre : 1 cm. 2 =0-1550 in. 2 

=0-001076 ft. 2 
=0*0001196 yd. 2 
100 m. 2 = l are. 

=0*0988 rood. 
10,000 m. 2 = l hectare. 

=2*4711 acre, 

(h) British Units . 

1 in. 2 . = 6*4516 cm. 2 

1 ft. 2 . = 929*03*cm. 2 

1 yd. 2 .... =8361*3 cm. 2 

1 acre .... =4840 sq. yds. 

= 0-4047 hectr. 

1 square mile . . = 259*00 hectr. 

= 2*59 sq, km. 

See Vol. I., “ Measurement, Units of. 5 ’ 

Length Standards (Line), various, multiples 
and submultiples of yard and metre. Form 
and material of same. See ec Line Stand- 
ards,” § (3). 

Lightning. See cc Atmospheric Electricity,” 

§ ( 20 ). 

Limit Gauges. See “ Metrology,” VI. § (17) 

(ii.). 

Line, Date : the line at which the date 
changes when crossed from east to west or 
west to east. See “ Clocks and Time- 
keeping,” § (1). 

LINE STANDARDS OF LENGTH 

§ (I) Descriptive. — A Lin© Standard of 
Length has been fully defined elsewhere, e.g. 
the yard 2 and the metre, and the essential 
desiderata to be borne in mind in designing 
and using the actual material bar carrying 
the defining lines 3 have also been considered. 
The paramount quality aimed at in such 
a bar, and at the same time the most diffi- 
cult of realisation, is the invariability of the 
defined length, and this end is always kept 
in view, whether it be in the selection of a 
suitable material of which to construct a bar, 
the choice of its shape or section, the manner 
of supporting it, the quality of the lines, or con- 
siderations of expansibility and temperature. 

(i.) Section . — Line standards are almost in- 
variably of uniform section. Early types of 
bars were of rectangular or square section 
(Fig. 1, a and 6), with the defining lines ruled 
on the upper surface. Later bars of similar 
section were made with the defining lines 
lying in the neutral plane, 4 and this marked 
an important step in the progress towards 
greater refinement and accuracy. Fig . 1, 
c and d , show clearly how this is done, 
either by sinking the lines to the bottom of 

2 See “Metrology,” § (1). 

3 Ibid, § (1). * Ibid . § (7). 
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cylindrical holes (as in the case of the Imperial 
Standard Yard, 1 or by ruling them on the 
surface of a step at either end, the surfaces 
which bear the lines being, in both cases, in 
the neutral plane. From this limited use of 
the neutral plane it was but a step to the 
X or Tresca section type (adopted for the 
International Prototype Metre), and the H 
section type (Fig. 1, e and /). In both these 
similar types the defining lines are engraved 
on the upper surface of the horizontal web, 
which is the neutral plane of the bar. Both 
too are of much lighter construction than 
those already referred to, and yet owing to 
their design lose nothing in rigidity. The 
large area of surface which they present to 
surrounding media is a great advantage, as it 
facilitates the rapid equalisation of tempera- 



fe) Cf) 

Fig. i. 

ture throughout the bar, while the whole 
length of the neutral plane is rendered avail- 
able for subdivision if required. All modem 
bars of first quality are of the H or X section 
type, with the defining lines and other gradua- 
tion lines in the neutral plane. 

(ii.) Material . — No material has yet been 
discovered which, at one and the same time, 
possesses all the qualities essential to a satis- 
factory bar, such qualities as chemical sim- 
plicity and purity and hence homogeneity, 
molecular stability under all conditions of 
use, hardness, rigidity, susceptibility to a high 
degree of polish, capability of being ruled with 
fine permanent lines, a low or even zero 
expansibility , absence of thermal hysteresis, 
etc. Certain metals and alloys are the best 
materials which conform in varying degrees to 
these requirements, and for this reason most 
standards are constructed of such material. 
Allusion has been made elsewhere 2 to the 
properties of secular growth and thermal 
1 See “ Metrology,” § (1). 2 Ibid § 




hysteresis possessed by some of the alloys, 
particularly some nickel- steel alloys, and the 
limitation of their use (with discretion) to 
working standards. 

A particularly valuable alloy is platinum- 
iridium, the material of the International 
Prototype Metre ; this, when subjected to 
suitable treatment during manufacture and a 
subsequent artificial ageing process, shows ho 
perceptible secular change. 3 Its high cost 
strictly limits its use to primary and second- 
ary standards. For everyday standards pure 
nickel proves an admirable and certainly 
cheaper substitute, 4 but it is difficult to forge, 
and satisfactory lengths exceeding one metre 
have not so far been produced. The value 
of invar 5 has already been noted, but its 
behaviour is very complex and it must be 
employed with a full knowledge of its pro- 
perties, which are discussed in more detail in 
a later section (§ (4)). The pure precious 
metals, such as platinum and gold, can 
reasonably be expected owing to their chemi- 
cal simplicity to possess considerable stability, 
but apart from the deterrent matter of cost 
they are lacking in certain mechanical qualities. 
Bronze and brass have served their purpose 
well in the early days of standards, but their 
instability, coupled with other defects, has led 
to the discontinuance of their use in present 
times. 

Of non-metallic substances the only one 
that has proved of any value is fused silica, 6 
already mentioned, and discussed in more 
detail in § (6). 

(iii.) Method of Support . — The elastic dis- 
tortion of a bar due to its own weight may 
prove a source of error unless properly con- 
trolled, and this is done first by placing all 
graduation marks in the neutral plane, and 
secondly by a definite method of supporting 
it when under observation. With regard to 
the latter, it is obvious that a variation in the 
method of support will as a rule bring about 
a change in the amount of bending, and there- 
fore an alteration in the defined length. It 
is vitally important, therefore, to ensure that 
the amount of distortion shall be constant, 
and for this reason it is the practice to use 
the bar supported at a limited number of 
definite “ points,” the latter being really lines 
of contact made with small rollers placed 
under the bar ; the points, being once decided 
upon, are strictly adhered to. It may be 
argued that support by a flat surface would 
be preferable to this, since it would guard 
altogether against bending. But, first of all, 
the really flat surface is not practicable, and 
secondly, the method resolves itself into sup- 
port at an indefinite number of irregularly 


5 rv? V 10 ® r > § (4). 1 Ibid. § (4). 

Ibid. § (4) ; also “ Invar and Elinvar,” Vol, V, 
6 See “Metrology,” § ( 4 ). 
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disposed points, a condition that is evidently 
not capable of exact reproduction. Further, 
the system of employing a limited number of 
points of support has the advantage that all 
surfaces of the bar are equally exposed to the 
surrounding medium, thus facilitating equality 
of temperature distribution throughout the bar. 

The “ best ” points to choose for supporting 
the bar have been discussed elsewhere 1 and 
are given by Airy’s formula 


where a is the total length of the bar con- 
sidered as having uniform section, n the num- 
ber of symmetrically and equally spaced points, 
and b the distance between any two consecu- 
tive points. When n — 2, the usual case, 

b=JL- = 0-577 a, or - = *577. 
s/i a 

Broch, however ( loc . cit.), gives 

-=•559. 

a 

There is little to choose between these two 
values, though Airy’s value is most commonly 
employed; and if 6/a is varied between the 
two values, no appreciable error is introduced 
in the distance between the defining lines ; 
and further, this distance differs from that 
existing when the bar is unaffected by gravity, 
by a negligibly small amount. 

The important point, however, to be borne 
in mind is that for a particular bar a definite 
value of b/a should be adopted and subse- 
quently strictly adhered to, even if this value 
is afterwards found to be outside the limits 
quoted above. The danger, however, of a value 
outside the limits is that a small accidental 
error in setting the points may introduce a 
serious error in the observed length of the 
bar, whereas when the value lies within the 
limits, a small accidental setting has no appre- 
ciable effect in altering the definite length. 

(iv.) Expansion . — The important part played 
by temperature is fully discussed 2 elsewhere, 
and it is only proposed here to consider 
the term “ thermal coefficient of expansion,” 
and how it is interpreted. In line standard 
work it is usual to express the expansion of 
a bar by the formula 

Lg = L 0 (l +a0 + (36 2 +yd a 4- ...),. (1) 

where L 0 is the length of the bar at zero 
temperature, Le that at temperature 6 and 
a, /3, etc., the expansion constants. The terms 
beyond the quadratic term are generally 
negligible, and the formula reduces to 

L 0 = L O (1 -had + /36 z ). . . (2) 


If L 0 be known, then can be readily cal- 
culated. 

If in equation (2) L be differentiated with 
respect to 0 we get 

g i =L o (a+2/30), 

or a+2p0 = ~.~, . . (3) 

and this gives the rate of change of length of 
the bar at temperature 6, a H~ 2 /3& being the 
true coefficient of expansion at temperature 6 . 

Sometimes the mean coefficient of expansion 
x a 2 between two temperatures 0 X and 0 2? 
and L 2 being the corresponding lengths, is used, 
and is expressed thus : 


i a a = 





(4) 


If <9 2 - 6 X is large, this is not sufficiently accurate 
for line standard work. When, however, 
0 2 — 0 X is small, equation (4) approximates to 
equation (3), and in the limit when d 2 = 0 X , 
they become identical. 

Let 6 be the mean value between the tem- 
peratures 6 X and 6 a , that is, let 0= 4(0!+ 0 2 )- 
If /3 be small, and ()„ — 6 X also small (say two 
or three degrees), then it can he shown that 
the mean coefficient between 0 X and 6« is 
equal to the true coefficient at 6, without 
giving any appreciable error, i.e. 


x a 2 =a+2j30. . . . (5) 


Fig. 2 shows this graphically. 



Since in actual practice (3 for most line 
standards is small compared with a, equation 
(5) is extremely useful for correcting results 
from one temperature to another, where the 
range is small. 

The expansion of a bar may also be expressed 
as a curve, which is equivalent to (1) or (2), 
but as the greatest possible accuracy is always 
aimed at in fundamental line standard work, 
the formula (2) is almost invariably used. 

(v.) Defining Lines . — The defining lines are 
naturally not the least important feature of a 
bar, and depend in the first instance on the 
quality of the material of which the bar is 
made and the nature of the surface. They 


1 See “Metrology,” § (7). 


* Ibid. § (4). 
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are usually ruled with the help of a good 
dividing engine (see § (2)), the tool being a 
fine diamond chip ; the surface carrying the 
lines is previously very carefully polished and 
therefore rendered highly reflecting. Each line 
is really a very shallow and narrow groove, 
and when illuminated and viewed through a 
microscope presents itself, in contrast to the 
bright surface, as a narrow dark band. The 
appearance of this line or band depends on 
the nature of the groove and on the way in 
which it is illuminated. With regard to the 
groove, the best result is achieved when it is 
cut with uniform width and depth, and in 
such a manner that its cross-section is sym- 
metrical about a 
line at right angles 
to the surface, the 
Fig. 3. section approxi- 

mating to a sharp 
V shape (Fig. 3). The most satisfactory 
illumination for such a line is obtained by 
directing diffused light so that it falls ver- 
tically on the surface and is reflected back 
along the incident path through the micro- 
scope. 1 A line thus ruled and illuminated 
will have the appearance best suited for a 
line standard, since it will have perfectly 
straight and parallel edges, which will be very 
sharply defined. The blackness of the lines, 
with vertical illumination, depends of course 
on the fact that the sloping sides of the cut 

(Fig. 3) do not 
re ^ ec 'fc the light 
vertically, but 
Fig. 4. there may be a 

slight scattering of 
light which would affect the quality of the 
blackness. 

Variations in the nature of the groove and 
in the illumination usually result in an un- 
desirable appearance in the line. For instance, 
with oblique illumination of a satisfactorily 
ruled line, the light falls unevenly on the side 
of the cut, there is a different scattering effect, 
and consequently one edge of the line will 
appear considerably sharper than the other. 
A groove of unsymmetrical section (Fig. 4), 
illuminated vertically, will give a similar result. 

Also, in the case 
of a groove with 
section of shape as 
Fig. 5. in Fig. 5, with 

vertical illumina- 
tion, the flat bottom of the cut will reflect the 
light vertically and the line will appear double. 
The bright central portion will, however, be 
usually very uneven, as shown in Fig. 6, a 
state brought about by the chattering of the 
blunt tool during the ruling process. 

Across the two defining lines are ruled two 
longitudinal lines . at right angles to them 
1 See “ Comparators,” § (1) (h). 


(Fig. 7). These assist in the location of the 
same portions of the lines each time they are 
observed. In fact, the distance between the 
middle points of the portions of the 
defining lines included between the 
two parallel longitudinal lines is the 
actual defined length of the bar. 

(vi.) Wave-length Rulings . — As 
already noted, if a defining line is 
well ruled, it will have quite straight 
edges and be of unvarying width. The 
central axis of the line is really the 
defining limit of the standard, and 
must be estimated when the cross 
wires of a micrometer microscope are set 
on it. The accuracy of the operation deter- 
mines the accuracy with which the bar 
may be used for comparison purposes. It 
is found that the lines on some standards 
are far from complying with the conditions 
necessary for a perfect line, their edges ap- 
pearing quite irregular even under low- 
power microscopes ; with higher - power in- 
struments, of course, the defect is 

only more apparent, and adds to 

the doubt of the observer as to the 

position of the central axis. Some 
lines which appear quite regular p IG _ 
under low - power objectives are 
found to have an irregular appearance 
under greater magnification. Thus increased 
magnification is not always an advantage, 
and may be the reverse. If, however, the 
defining line can be made fine enough and 
at the same time quite regular — and this be- 
comes increasingly difficult as greater refine- 
ment is aimed at — advantage certainly accrues 
from increased magnifying power. 

The necessity for greater refinement in ruling 
lines was brought home to Tutton in connec- 
tion with his wave-length comparator 
This instrument makes use of the wave-length 
of monochromatic light for the measurement 
of the small difference in the lengths of the 
two standards, the number of the wave-lengths 
in the interval being determined by an inter- 
ference method. The exact location of the 
beginning and end of the interval measured 
is determined by the accuracy with which 
the central axes of two lines can be located 



Fig. 0. 


by means of a micrometer microscope, and it 
is not possible to do this without introducing 
uncertainties, amounting in some cases to 
several wave-lengths. 

Tutton had been attracted by an account of 
the very fine rulings, ranging from 10,000 to 
120,000 lines to the inch, by H. J. Grayson, 3 
of Melbourne, on a machine of his own con- 
struction, and in the hope that they might 

2 Tutton, Phil. Trans. R.S. A, 210, i. : also “ Com- 
parators,” § (4). 

3 H. J. Grayson, ” A New Dividing Enpcinc for 
.Ruling Diffraction Gratings,” Roy. Soc. (.Victoria), 
xxx. .Part X., 44. 
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'FlG. 8. — A Location 
Signal. 


assist in. giving the refinement he required, 
ordered several experimental rulings which 
were to he made on various materials : glass, 
silvered glass, speculum metal, gold, silver, 
platino -iridium, Bailey’s metal and invar, 

and with lines 40,000, 
50,000, and 60,000 lines 
to the inch. Each rul- 
ing consisted of a group 
of five lines {Fig. 8) 
together with two 
thicker “ finder ” lines 
placed symmetrically 
one on either side of 
the group at a suitable 
interval, the latter as- 
sisting in locating the 
group under a low-power objective. Two trans- 
verse lines also were ruled. The rulings proved 
more than equal to expectation, the exceedingly 
fine lines being wonderfully sharp when viewed 
under a high-power microscope with a r B --in. 
dry objective. Experiment led to the selec- 
tion, as the best ruling, of the one on speculum 
metal, on the scale of 40,000 lines to the inch. 

The group of lines, together with the 
“ finders,” was called by Tutton a 
“ location signal,” and it was his idea 
to use “ location signals ” for a line 
standard, the central one of the 
group being the defining line. They 
are eminently suitable for that purpose, 
but owing to the limitation of Gray- 
son’s machine, it was not till later that 
an experimental bar could be ruled. 

The distance between the lines on 
such a ruling is of the order of one 
wave-length, a cadmium red ray 
having a wave-length equal to 


exceedingly well defined. It thus makes an. 
ideal line under these conditions, which can 
readily be compared by ordinary comparator 
methods with the somewhat similar lines on 
existing fundamental standards. It must be 
realised, however, that although if all stand- 
ards had “ wave-length ” rulings as location 
signals a higher accuracy of comparison might 
be obtained, the accuracy of the link with 
existing standards is limited to that attainable 
in the ordinary comparisons for which alone 
the existing standards are suitable. 

§ (2) Dividing Engine. — As already indi- 
cated, a good dividing engine is a necessary 
adjunct to line standard work, and a typical 
example of such a machine is that in use at 
the N.P.L. (Fig. 9). This apparatus, designed 
and made by the Societe G&tievoise, is capable 
of producing the highest and most accurate 
class of work called for in connection with line 
standards or scales. 

It consists mainly of two portions, corre- 
sponding to its two main functions. Qne part 
comprises the dividing head, which, carries, and 
controls the movement of, the tool ; and the 
other part, controlling the spacing of the lines 



Pig. 9 . — The Dividing Engine at the National Physical Laboratory. (Made by La Societe (Icnevoise.) 


in., and hence the rulings are frequently 
referred to as wave-length rulings. 

When a location signal is viewed under a 
less powerful objective, say, a -f-in., the five 
lines are not individually resolved, but appear 
as one line, with of course the edges of the line 


on the standard or scale, consists of a carriage 
for supporting the work, and an accurate lead 
screw for moving the carriage along under the 
tool. The whole is supported on a rigid cast- 
iron bed, 2 metres long by 20 centimetres wide, 
which rests on two solid piers of concrete. 
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The top front edge of tlie bed is accurately 
planed in the form of an inverted V, while the 
hack edge is finished flat, the two thus serving 
as supporting rails for the flat carriage C, on 
which the work rests. (In Fig. 9 an H section 
standard is clamped in position ready for 
graduation.) The greater part of the weight of 
this carriage is borne by six small wheels which 
rest on flat ways just below the V and plane 
edges. They are attached to the ends of 
cantilever springs, which bear on the under-side 
of the carriage, the pressure due to the springs 
being adjustable. This arrangement, by re- 
moving most of the dead sliding weight from 


the V and plane, lessens the amount of work 
entailed in driving the nut, and therefore saves 
wear on the screw. 

The screw S is of one mm. pitch and is very 
accurately cut. It works in a brass split nut 
N which bears against one end of the carriage 
C. The two halves of the nut are secured 
together by a hinge on one side and a spring on 
the other, and when the latter is released the 
nut can be disengaged and bodily removed to 
another part of the screw. This saves not only 
time, but wear and tear on the screw. A tail- 
piece on the nut fits into a slot in a steel plate 
under the screw'. This slot, usually not parallel 
to the axis of the screw, gives the nut a slight 
rotation as it advances, and thus corrects for 
any small progressive error that may be in the 
screw. Also, by means of a lever K, the 


direction of this slot, and hence the rotation of 
the nut, can be altered so as to correct for 
changes in the length of the screw, due to 
changes in temperature. The screw is operated 
by a divided head, which with the help of a 
vernier reads to microns. 

Attached to the rear of the bed is a rail, 
along which may slide, and to which may be 
securely fixed, the base of the dividing head and 
two microscope supports. 

The dividing head shown in enlarged view 
in Fig. 10 is a complicated piece of mechanism 
whose features can only be briefly indicated. 
The various moving parts are secured to a steel 
plate P, which slides on 
two V rails R, thus giving 
the tool a coarse adjust- 
ment in a direction at right 
angles to the movement of 
the carriage. The tool may 
consist of a diamond chip 
mounted on a brass rod 
(as in Fig. 10), or may -be 
made of steel. It is fixed 
at the end of a pivoted 
arm A, the weight of which, 
with the tool, is balanced 
by a counterpoise W slid- 
ing on a steel rod F. The 
required pressure on the 
tool is exerted by placing 
weights on the flat head 
of the tool. The mechan- 
ism is set in motion by 
means of the handle .H, 
operated by hand. At 

the commencement of the 
ruling of a line, with the 
tool resting lightly on the 
work, the handle is in its 
rearmost position. Fixed 
relatively to this handle' is 
a lever L carrying a small 
roller, and when the handle 
is pulled forward the lever 
follows it, bringing the roller into contact 
with a curved brass piece, eccentric with 

the centre of motion of the lever. As H, 
and therefore L, are pulled forward, the brass 
piece is slowly lifted, the arm A is pulled 
backward, and the tool rules the line. At the 
same time the length of stroke is controlled 
by two sets of pins (one set X can be seen 

in Fig. 10) which engage with a special 

rotating cam, the various recesses in the 
latter regulating the lengths of successive 
lines. As soon as the stroke is finished a cam 
Y comes into operation and depresses F, 
thereby raising A and the tool from the work. 
This completes the forward movement of H. 
The handle is now moved about two-thirds 
of its motion backwards, the brass curve 
moves in the opposite direction, and the tool 



Fig. 10. — The Dividing Head of the National Physical Laboratory 

Dividing Engine. 
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is brought forward again ready for the next 
stroke. Before lowering the tool once more, 
the work is advanced the required amount 
by means of the screw S. The handle is then 
pushed completely backwards, lowering the 
tool on to the work ready for the next line 
to be ruled. 

§ (3) Various Length Standards. — It 
has been noted elsewhere 1 that for everyday- 
purposes there exist numerous (ternary and 
working) standards, which are copies of the 
primary standards (either the metre or the 
yard), and for reasons that should now be 
quite clear, it is necessary from time to time 
to compare them one with another in order 
to check possible secular changes in length 
(for method, see 46 Comparators ”), and at 
least one of them, the most stable, must at 
less frequent intervals be referred, either 
directly or indirectly, to the primary standard. 

It should be noted, however, that it is not 
possible to make an exact copy of a primary 
standard, but one can be made so that its 
length differs from that of the original by only 
a small and readily determinable amount. 
For example, a copy of the metre may he 
found to be 10 /a short at 0° C., that is, its 
length may be stated as equal to 1 metre 
— 10 fjL at 0° C., an expression which is usually 
referred to as its fiC Equation to Scale.” 

Reference, so far, has been largely made to 
metre and yard standards, but it is obviously 
necessary to have, for practical purposes, both 
longer and shorter standards. The latter are 
most conveniently obtained by a process of 
subdivision of a standard length, and the best 
standards for this purpose are of course the 
working standards. Exact subdivision is 
however impossible, and consequently it be- 
comes necessary to find out by how much each 
interval or subdivision, before it can be put to 
any practical use, is in error ; in other words, 
the scale must be calibrated. The method 
by which this is done is described under “ Com- 
parators,” § (9), Longitudinal Comparator. 

Longer standards, usually complete multiples 
of the yard or metre, may be made in the form 
of bars, tapes, or wires. Owing to the limita- 
tions imposed chiefly by bulk and porta- 
bility, such bars, when used as accurate stand- 
ards, rarely exceed 4 metres in length. For 
standards longer than this, tapes and wires 
are used. These are very convenient in 
connection with surveying work, and owing 
to the smallness of cross-section are very 
flexible and can be wound on drums. They 
are thus very light and very portable (see 
46 Tapes and Wires ”). Before such bars or 
tapes can be used they must, however, be 
standardised by ultimate reference to the yard 
or metre. This can be done by dividing them 
into yard or metre sections, and then finding 
1 See “Metrology/* § (6), 


the length of each of these sections by com- 
parison with a standard yard or metre. It is 
usual, however, with tapes to introduce for 
this purpose an intermediate standard, a 
common example of which is a bar with its 
defining lines 4 metres apart. Such a four- 
metre bar must first of all be compared metre 
by metre with a standard metre, and its 
length thus accurately determined. It can 
then he used for standardising a tape. For 
example, the length of a 24- metre tape can 
be readily determined by dividing it into six 
sections, each 4 metres in length, and com- 
paring each section with the four-metre bar. 
It is easily seen that the introduction of 
an intermediate standard is a great con- 
venience in that it results in a saving of time 
and a gain in accuracy. 

The four-metre bars in use at the National 
Physical Laboratory and at the International 
Bureau are made of invar and are of the H 
section type. They are necessarily of stout 
construction, the area of cross-section being 
about twice that of a corresponding metre 
bar. 

§ (4) Invar and the Nickel Steel. 
Alloys . 2 (i.) Temperature Difficulties . — The 
importance of an exact knowledge of the 
temperature and of the coefficient of thermal 
expansion of a standard has already been 
alluded to. 3 The determination of the latter 
is a purely laboratory task, and can be carried 
out, as a rule, to any degree of accuracy ; 
but in certain circumstances it is difficult 
to measure the temperature with certainty. 
Such circumstances arise when it is not 
possible to control the temperature, and 
especially where the latter is apt to vary 
rapidly over 81x014 intervals of time. Diffi- 
culties of this kind are inseparable from 
surveying work, where long tapes and wires 
are used. The work is necessarily done in 
the open air under all sorts of conditions, 
and consequently the temperature can only 
be approximately determined. Such a disturb- 
ance as a sudden burst of sunshine after a 
cloudy interval, and just when an observation 
is being, or is about to be taken, may give 
rise to great uncertainty and consequent error. 
Further, a series of observations taken under 
such varying conditions must subsequently 
be adjusted for temperature, that is, all the 
readings must be corrected so that they appear 
as if taken at a particular standard temperature, 
and this involves both the coefficient of expan- 
sion of the tape and the exact difference 
between the temperature of observation and 
the standard temperature. Hence, an error 
in the observed temperature gives rise to an 
error in the correction, and therefore in the 
final result. In addition, the value of the 

2 See also article " Invar and Elinvar,” Vol. V. 

3 See “ Metrology, 1 ” § (4). 
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expansion coefficient has an effect on the 
result in such a case, since the greater the 
coefficient of expansion the greater still must 
be the error of correction. 

As already mentioned, 1 these difficulties 
have been met in recent years by the employ- 
ment of the nickel steel alloy “ invar, 5 ’ which 
has such a low coefficient of expansion, and 
which in consequence is now extensively used 
for the manufacture of line standards, par- 
ticularly the longer ones in the form of tapes 
and wires. The remarkable properties of 
invar have been briefly indicated, 2 but it is 
necessary at this stage to enter into more 
details concerning it and the family of alloys 
to ;which it belongs. Such knowledge is 
supremely essential to a proper use of invar 
in line standard work. 

M. Guillaume, the discoverer of invar, 
directed his early researches to the discovery 
of some material which would possess pro- 
perties rendering it perfect for use in the 
manufacture of standards, and which would 
be considerably less expensive than platino- 
iridium, hitherto the most satisfactory. He 
soon recognised the eminent suitability of 
pure nickel, but the hope that he would he 
able to use it for making a four-metre standard 
was not realised, for it was found impossible 
to produce sound pieces of nickel having 
lengths greater than about one metre. 

(ii.) Nickel Steel Alloys . — By a series of 
incidents he was led to study the alloys of 
nickel and steel, the remarkable properties 
of which (contradicting all preconceived 
notions respecting mixtures of metals) are of 
such great importance to metrology. 

His investigations led him to classify these 
alloys into two groups, those containing more 
than 25 per cent nickel, and those containing 
less. The former possess properties that are 
reversible with temperature under ordinary 
conditions, while the latter are correspondingly 
irreversible. Further research by different 
workers has shown that this classification is 
approximate only, and that under certain 
conditions the two groups may overlap to 
some extent. 

The various physical projoerties of these 
alloys, magnetic, electrical, mechanical, etc., 
are exceedingly interesting, but it is necessary 
to confine attention here to expansion pheno- 
mena only. 

A nickel steel alloy is composed mainly of 
pure nickel and pure iron, together with small 
quantities, amounting to not more than one 
per cent in all, of one or more other substances, 
viz., manganese, carbon, silicon, chromium. 
Manganese has been proved to be a necessary 
constituent in all the alloys, since without it 
it is not possible to forge the metal. Slight 
variations in the proportions of any of these 
2 See " Metrology,** § ( 4 ). 2 Ibid . § (4). 


added constituents have a marked effect on 
the various properties of the alloys. For the 
sake of uniformity, Guillaume adopted as a 
typical alloy one containing 0*4 per cent Mn 
and 0*1 per cent G. 

(iii.) Irreversible Changes . — The thermal 
expansion of an irreversible alloy is illustrated 
by Fig. 11. When cooled from a high tem- 



FlG. 11. — Expansion of a Nickel-steel in the 
Irreversible State (Guillaume). 

perature it contracts uniformly as indicated 
by the straight line ABC. At a certain 
temperature the contraction slows down, and 
on further cooling the alloy exjmnds as indi- 
cated by CD. After this, normal contraction 
follows as DE. On re-heating, it expands 
uniformly as EDF, contraction then takes 
place along FB, after which the line BA is 
followed. If cooling is arrested at C' and the 
alloy reheated subsequent changes follow the 
line C'B'BA. The temperatures at which the 
various changes take place depend upon the 
composition of the alloy. Such alloys as this are, 
of course, unsuitable for metrological purposes. 

(iv.) Reversible Changes . — The behaviour of 
a reversible alloy under ordinary conditions is 
quite different, the changes due to rise and 
fall of temperature following the same line. 
Fig, 12 shows generally the changes that take 



Fig. 12. — Typical Curve representing the Variation 
of Length with Temperature in a Reversible 
Nickel-steel (Guillaume). 

place. On cooling from a high temperature, 
there is a normal contraction as FE, then a 
rapid change as ED, followed by a slow 
contraction DC. A further change as CB 
brings the contraction to a normal one as BA. 
The temperatures at which these changes take 
place again depends on the composition of 
the alloy. For example, at ordinary tempera- 
tures (say about 20° C.) FE corresponds to 
an alloy containing about 25 per cent Ni, ED 
one between 27 per cent and 32 per cent Ni, 
CD one between 32 per cent and 36 per cent 
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NI, etc. At higher temperatures a higher 
proportion of nickel corresponds rto each 
portion of the curve. 

(v.) Fig. 13 shows how the expansion of a 
reversible alloy varies with the percentage of 
nickel content. The curve represents a series 
of alloys having expansibilities ranging from 
about 1 to about 15 millionths. The series, 



Fl0. 13.— True Expansibilities at 20° C. (in millionths) 
of the Typical Alloys of Iron and Nickel (contain- 
ing 0-4 Mn and 0*1 0 per cent) (Guillaume). 

moreover, is continuous, and it is thus possible 
to obtain alloys having any desired expansi- 
bility within the limits named above, a 
hitherto unattainable state of affairs with such 
a discontinuous series as iridium, tantalum, 
and tungsten. In contrast to these latter, 
also, is the cheapness of the alloys. 

In the same Fig. 13 the dotted line FN 
represents the expansibilities anticipated by 
applying the usual law of mixtures. 

The curve of Fig. 13 is, however, only 
applicable at normal temperatures. At higher 
temperatures it is modified in form, as clearly 
indicated by Fig. 14, the trough gradually 

i o° a 



Fig. 14. — 'Variations in the True Coefficient of Linear 
^Expansion of Ni Steels at various Temperatures 
(Chevenard). 


becoming shallower with increasing tempera- 
tures, accompanied by a continuous move- 
ment of the minimum point to the right. 

§ (5) Ixvak. — The minimum, point of the 
curve of Fig. 13 represents an alloy containing 
35-6 per cent Ni, with an expansibility of 
about 1*2 in a million per 1° 0 ., and the name 
Invar (diminutive of invariable) is now applied 
to all the alloys having expansibilities in the 
neighbourhood of this point. The lowest 
coefficient of expansion hitherto associated 


with a pure metal is that of tungsten, 4 in a 
million per 1° G. 

The value of the coefficient of expansion at 
the minimum point is not invariable ; it is 
influenced by the amount of manganese and 
carbon present, and may be varied accordingly. 
But, as already noted, a certain quantity of 
manganese is essential to assist forging. Also 
all treatment, whether mechanical or heat, to 
which invar may be subjected, modifies the 
value. Heating followed by slow cooling 
increases the value, but heating followed 
by rapid cooling reduces it. Cold-rolling 
or drawing further assists in reduction. 
The important fact follows that it is thus 
possible by suitable treatment to reduce the 
coefficient of expansion so much that it 
becomes negative, Guillaume producing by 
such a means invar with a coefficient equal 
to (- 0*552 + 0*00377<9)10- 6 at ordinary tem- 
peratures. An adjustment of the conditions 
renders it possible to produce invar of almost 
zero expansibility, and as early as 1903 several 
kilometres of wire were produced having a 
coefficient equal to (0*028 ~-O*OO2320)lO -6 . 
The value of this in accurate surveying work 
is too obvious to require labouring. 

Unfortunately invar possesses a slight 
instability which manifests itself in various 
ways, but which it is necessary to take into 
account where the highest accuracy is required. 

A forged bar of invar shows small transitory 
changes of length after change of temperature. 
Consider it as observed at a certain tem- 
perature 8. If it has been previously exposed 
at a higher temperature it will, after the main 
contraction is effected, continue to elongate 
slowly. If, however, it has been brought from 
a lower temperature, there is a corresponding 
slow contraction. . The time during which 
such a change occurs is greater wnen 6 is 
reached by cooling than when it is reached 
by heating. Also the higher the temperature 
the greater the rate of these changes. The 
amount of these anomalous changes for a 
rapid change of temperature, between the 
limit 0° and 100° C., may be represented by 
the following empirical formula (due to 
Guillaume), 9 being the temperature, 

-0*00325 10" 6 (9 2 . 

JLi 

A forged bar of invar also possesses a slow 
progressive and permanent change extending 
over several years. This secular change is 
independent of the transitory changes just 
referred to and is continuous. A freshly 
forged bar, cooled to and kept at normal 
temperature, expands slightly, at first quickly 
and then more slowly, approaching a definite 
limiting length. The extent of the change 
can, however, be reduced by employing a 
suitable ageing process, called by Guillaume 
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etuvage (stoving or stewing), to distinguish it 
from a similar but distinct process, annealing. 
It consists of maintaining the material at a 
steady temperature of 100° C. for 100 days, 
and then very slowly cooling it over a period 
of two or three months. Fig . 15 will give 
an idea of the extent of this secular change 

(j. 



Fig. 15. — Elongations in Microns per Metre of Invar 
with Time (Guillaume). Upper curve, forged 
bar not treated ; lower curve, forged bar cooled 
in 50 days from 150° to 40° C. 

for a bar not treated and for a bar subjected 
to an ageing or stoving process. 

An aged invar bar (No. 27) has been under 
observation at the N.P.L. for 19 years, and 
the total elongation during that time amounts 
to 21 jul (Fig. 16). 



Years 

Fig. 16. — Curve showing Secular Growth of N.P.L. 

Invar Standard Metre No. 27 during 19 years. 

A drawn bar of invar behaves in a manner 
similar to that of a forged bar, but in addition 
exhibits a change not possessed by the latter. 
If it rests for some time at normal tem- 
perature, and is then brought to 100° C it 
shortens, then elongates, and afterwards again 
shortens. 

The facts outlined in the preceding para- 
graphs serve to show how complicated is the 
thermal expansion of invar, and emphasises 
the necessity for care in using the metal for 
standards. It is obviously not suitable for 
use in making absolute or reference standards, 
but it is of considerable value provided it is 
used with precaution, and provided it is checked 
at intervals, at least once a year, against more 
stable standards. 

A more stable alloy is the 42 per cent or 
43 per cent i nickel-steel, which shows only a 
very small secular growth after it has been 
suitably aged. On this account it is often 


preferred to invar, although its expansion is 
about +8 x 1G" 6 per 1° C. 

Quite recent researches (1920) by Guillaume 
point to the presence of carbon as the cause 
of instability, and that therefore there is every 
prospect of producing eventually an invar 
which shall be absolutely stable. 1 

§ (6). (i.) Fused Silica has also been 
mentioned 2 as having a low expansibility 
( +04 x 10- 6 per 1° C.), which gave rise to 
the idea of utilising it for a line standard. 
Its lack of thermal hysteresis also recom- 
mended it in this direction, and its secular 
stability has since been proved by observations 
extending over a number of years. It is 
simple in composition, durable, chemically 
stable, and is certainly not costly. Its chief 
drawbacks are its fragility and the difficulty 
of rendering visible through water lines ruled 
on its surface. The latter has been overcome 
in a simple manner as described below, while 
the former resolves itself into a matter of 
careful handling, such as it would naturally 
receive in the hands of a person habitually 
using important standards. 

(ii.) Silica Metre . — The idea of utilising 
silica as the material for standards of length 
was first conceived at the N.P.L., where, 
after preliminary investigations, was designed 
a silica metre standard, which was completed 
in 1911. 3 It consists of a tube of transparent 
silica about f inch in diameter, terminating 
at each end in a horizontal silica slab, which 
is about £ inch thick and semicircular in 
shape. To prevent rolling of the bar when 
under observation, silica trunnions are fused 
into the rod at one of the correct positions of 
support, the other point being indicated by 
an etched line round the tube. The trunnions 
are wedge-shaped, with the edges underneath. 
Special supports are provided, one with two 
flats for the trunnions, the other being an 
ordinary roller for the other points. As the 
bar is observed in water, it is provided with 
a hole at each end so that the inside of the 
tube may be filled with water. 

The slabs and the edges of the trunnions 
are very accurately finished. The surface of 
each slab is polished optically flat and parallel. 
The edges of the trunnions are parallel to the 
surfaces of the slabs to within I in 500. The 
upper surfaces of the slabs are parallel to 
within 1 in 15,000, and are co planar to 
within 1 mm., and the two slabs are the same 
thickness within 0*02 mm. 

The under sides of the slabs are platinised, 
the films being very thin and adherent. The 
defining lines are ruled completely through 


1 Guillaume, “ Aciers au Nickel 99 ; Proc. Phys. Soc., 
xxxii 374 ; B. of S. Circ. 58, " Invar and Belated 
Nickel Alloys ” ; article “ Invar,” Vol. V. 

2 See “Metrology,” § (4). 

3 G. W. C. Faye, D.Sc., “A Silica Standard of 
Length,” Proc. Roy . Soc. A. 85, 1911. 




LINE STANDARDS OF LENGTH 


475 


these films, and are viewed through the slabs 
from above. It is for this reason that the 
slabs are so accurately finished to prevent 
optical displacement of the images. The films 
are protected by cover slips cemented over 
them. 

If the points of support of the bar are 
correctly placed in accordance with Airy’s 
formula, the end slabs will be horizontal, 
and any slight error in fixing the points will 
cause points in the neutral plane near the ends 
of the bar to be displaced in a vertical 
direction only, that is, there will be no hori- 

< C Z— Z o -T — I 


Miohblson’s Experiment 

§ (7). (i.) No account of length standards is 
complete without a description of the experi- 
ment whereby Professor Michelson measured the 
metre in terms of the wave-length of mono- 
chromatic light. This attempt to establish a 
“ natural ” standard of length is best under- 
stood by reference to his own explanatory dia- 
gram, Fig. 19, the apparatus which he used 
being based on his well-known interferometer. 1 

Two pencils of light from a source s (Fig. 19) 
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FIG. 17. — The N.P.L. Silica Metre and Special Supports. 


ZI3> 


zontal displacement. For this reason, the 
end slabs are so arranged that the image of 
the lines shall always lie in the neutral plane. 
As the images are formed slightly above the 
platinised surfaces, it follows that the latter 
must be placed just as much below the neutral 
plane. Thus the slabs are not symmetrically 
placed with respect to a horizontal axial plane 
of the bar, the neutral plane being in fact 
0-3 mm, above the platinised surfaces. 

The bar was made by the Silica Syndicate, 


H H 




the polishing of the surfaces was carried out. 
by Messrs. Hilger, and the platinising and 
ruling of the bar done by the staff of the 
N.P.L., where the bar has since been used as 
a ternary standard. Since its completion, it 
has been under continuous observation, except 
during the war, and there is no evidence so 
far of any sensible change in length, any 
slight variations in results obtained being 
attributable to errors of observation. 

Figs . 17 and 18 give an idea of the appearance 
and dimensions of the bar. 


are collimated and fall on the back surface (as 
viewed from o) of the plate a ; part of the 
light is reflected towards the mirror d , and 
back on its path through a to an observer at 
o, while the other part passes on to mirror Z>, 
through the compensating plate c, and is 
reflected back along the same path, one pencil 
from the mirror m, and the other from the 
mirror n , and finally by reflection at a reaches 
o. Two sets of interference fringes can be 
seen at o, corresponding to the two pencils 
of light. If m or n be moved in a direction 



PIG. i 9 . — Michelson’ s Experiment. The optical 
arrangement. 

at right angles to its reflecting surface, the 
corresponding set of fringes will move across 
the field of view, and the number passing any 
particular fiduciary mark can be counted. 

Owing to the limited distance at which 
interference fringes can be observed, Michelson 
found it necessary to adopt as an intermediate 
standard a length shorter than the metre. He 
proceeded to measure the number of wave- 
lengths in this intermediate standard, and then 
used the latter for measuring the whole metre 

1 Trav. et Mem. de B.I.P.M. xi. 1 ; A. A. Michel- 
son, Light Waves and their Uses. See also “ Inter- 
ferometers,” Vol. IV. 
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in much the same way as a yardstick is used 
for measuring a length of cloth. This inter- 
mediate standard had to be as long as possible 
to reduce errors of addition when it was applied 
to the metre, and yet to be short enough to give 
distinct fringes. The length of one decimetre was 
decided upon as best fulfilling these conditions. 

Miehelson found it convenient to construct 
his decimetre or intermediate standard in a 
form differing from that of the ordinary line 
standard, and Fig. 20 shows how this was done. 



Fig. 20. — An Intermediate Standard. 


On a brass casting B are mounted two mirrors 
A and A', which are adjustable by means of 
three small pins to their rear, so that their 
front faces are truly parallel to a high accuracy, 
the distance between the front faces constitut- 
ing the length of the intermediate standard. 

The number of wave-lengths concerned in 
one decimetre is of the order of 300,000, the 
difference of path of the waves being of course 
two decimetres. The counting of such a large 
number with absolute certainty as to the result 
would have proved an enormous task haditbeen 
attempted. Miehelson, however, decided on 
another process of counting. He constructed a 
number of still smaller standards of the same 
type as the intermediate standard described 
above, their lengths being such that, together 
with the decimetre standard, they formed a geo- 
metrical progression with a common ratio of £. 

Altogether nine such standards were used, 
varying in length from about J mm. for the 
smallest to one decimetre for the largest. The 
counting with certainty of the number of 
wave-lengths, a matter of about 1200 in the 
shortest of these lengths, was a comparatively 
simple matter. The numbers of wave-lengths 
in the other standards were obtained by a series 
of comparisons with this smallest standard, no 
further counting being necessary. How this 
was done will be clear from a description of 
the method of carrying out the observations. 

The source of light for the apparatus is a 
cadmium vapour lamp which gives out three 
simple radiations — red, green, and blue — and 
the particular radiation required is selected by 
means of a dispersion prism. 

Returning to Fig. 19, mm', nn' represent 
the mirrors of the two smallest standards. 


d will be referred to in what follows as the 
reference plane, d, mm', and nn' are arranged 
so that they can be moved in the direction 
of the rays of light. The two front mirrors 
•m and n are adjusted in position to give 
fringes in white light with the reference 
plane d. The central fringes being black and 
the others coloured, it is easy to distinguish 
them, and when the central fringes occur in 
the same relative position on m and n, then 
the latter are in exactly the same plane. In 
this position the surface of the reference plane 
may be said to be coincident with to and n. 
The reference plane is next moved slowly 
backwards the length of mm', the shorter 
standard, that is, until the reference plane is 
coincident with m' , the fringes due to the 
selected radiations being carefully counted as 
they pass across the field of view. The 
coincidence of m and d is detected by the 
fringes due to white light. This may be 
repeated once or twice as desired in order to 
verify the number counted. The fraction of 
fringe at the beginning and at the end of the 
interval can be estimated to about -.d ft th of a 
fringe, corresponding to about Ao /*• The 
next step consists in moving the standard mm' 
backwards through its length, that is, until m 
is again coincident with the reference plane, 
which is then once more moved through the 
distance mm' and becomes coincident with in' 
again. At this point, the appearance of the 
white light fringes will indicate when nn' is 
exactly twice the length of mm', and if it is not 
so, it is possible by a simple process to measure 
the difference in fringes with the same degree 
of accuracy as noted above. Thus the length 
of nn' is found by direct comparison with mm'. 

mm' is now removed and replaced by the 
standard which is twice nn' and the whole pro- 
cess repeated. By a succession of such steps 
the decimetre is at last reached, and its length 
in wave-lengths is determined. Fig. 21 gives a 
general idea of the apparatus used, the source 
of light, dispersion prism, etc., being omitted. 
It now remains to compare the decimetre 
with the metre, and this is done in ten steps 
by exactly the method described. Resort is 
made to the microscope in the final comparison 
with the line standard, and although the 
accuracy obtained is not nearly so good as 
with the wave measurements, the total error 
due to the only two observations necessary is 
about equal to that due to the probable sum 
total of error due to the wave measurements. 

The number of wave-lengths in one metre 
was thus found to be as follows : 

1,553,163-5 for the red radiation, 

1,966,249-7 for the green radiation, 

2,083,372-1 for the blue radiation, 

all being observed in air at 15° C. under normal 
1 atmospheric pressure. 
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In the design and construction of the 
apparatus, various mechanical difficulties 
arose, such as the production of accurately 
lapped "ways for the carriages supporting the 
reference plane and standards, but these were 
all overcome with much prolonged and patient 
labour. 

(ii.) A re-determination of the metre in 
terms of wave-lengths was made in 1906 by 
MM. Benoit, Fabry, and Perot. 1 The method 
employed and the apparatus used differed 
considerably from Michelson’s, the manner of 


Determination of, by means of a pykno- 
meter. See ibid. § (15) (i.). 

Determined by means of sinker weighings. 
See ibid. § (15) (ii.). 

Liquid Depth Gauge, distant reading type. 

See “ Liquid Level Indicators,” § (3). 

Litre : the metric unit of volume. See 
“ Volume, Measurements of,” §§ (1) and (2). 
Location Signal : term applied to a group 
of wave-length rulings. See “ Line Stand- 
ards,” § (1) (vi.). 



Pig. 21. — Michelson’s Experiment. 

The apparatus with cover removed (lighting arrangements not showi ). 


counting the wave-lengths depending on the 
coincidence of fringes of different wave-lengths, 
though recourse had still to be made to a 
succession of subsidiary standards of a special 
type. The number of wave-lengths of the 
cadmium red radiation was found to be 
1,553,164-13, thus confirming very closely 
Michelson’s figure. w. h. j. 


Liquid, Density of, determined by means 
of total immersion floats. See “ Bal- 
ances,” § (15) (v.). 

1 Trav. et Mem. de B.I.P.M. xv. 1. 


Log-log Rules. See “ Draughting Devices,” 
p. 273. 

Longitude, Determination of. See article 
“ Gravity Survey,” § (9). 

By prismatic astrolabe. See ibid. § (9) (iii.). 

Longitudinal Comparator at the Bureau 
International, SSivres : description. See 
“ Comparators,” § (11). 

Longitudinal or Subdividing Comparators: 
general description, scope. See “ Com- 
parators,” § (10) (i.). 

Looming. See “Meteorological Optics,” § (8). 

Lowenherz Standard Thread. See article 
“ Gauges,” § (50). 


M 


Majorana’s Quenching Factor. See article 
“ Gravity Survey,” § (16). 

Manometer : 

High precision, designed by Lord Rayleigh 
for use with a constant head of liquid, 
to determine the densities of gases : a 
steel rod, containing two fiducial points. 


determines, and also measures, the distance 
between the upper and lower mercury 
surfaces. See “ Barometers and Mano- 
meters,” § (20) (a). 

Metal Diaphragm, used as a sphygmo- 
manometer to measure blood-pressures. 
See ibid. § (19) (vi.). 
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Optical lever, for measuring small-pressure 

differences. See ibid. § (20) (c). 

Simple U-tube (siphon). See ibid. § (19) (i.). 

Manostat : an instrument, used chiefly in 
chemical experiments, to control the press- 
ure within an apparatus. See 4 4 Barometers 
and Manometers, 55 § (21). 

MAP PROJECTIONS 

The word Projection is used here in a sense 
much wider than it bears in geometry. A 
map is the representation on a flat sheet of 
the relative positions of features which lie on 
a curved surface, the surface of the Earth. A 
perfect representation being impossible, since 
the surface of a spheroid is not developable on 
a plane, we have to find some construction on 
the plane corresponding to the meridians and 
the parallels of latitude on that portion of the 
spheroid to be represented on the map : this 
construction is the Map Projection. A 
geometrical projection, such as the projection 
from the centre of the spheroid on a tangent 
plane, has not necessarily any particular 
advantage, and the projections in actual use 
are mostly not of this kind. Any orderly 
method of constructing meridians and parallels 
may be considered a map projection or 
“ graticule, 55 whose value will depend on ful- 
filment of conditions appropriate to the map 
under construction. 

The criteria of a Map Projection are: (1) 
uniformity of scale ; (2) accurate representa- 
tion of area ; (3) true representation of shape ; 
(4) ease of construction ; and (5) adaptability 
to methods of survey and computation. The 
first three are criteria of principle : they cannot 
all b© satisfied at once over any large area of 
the Earth’s surface, though for an area a few 
degrees square the representation may be 
practically perfect. The last two have little 
theoretical interest hut great practical import- 
ance, which is sometimes overlooked in treating 
the subject. 

§ (1) Pour Classes of Maps. — The choice of 
a projection is governed first by the class of 
map required : (a) the World map, covering at 
least a hemisphere ; (b) the Atlas map, cover- 
ing a continent, or at least a country, on scales 
smaller than 1/Million, with generalised topo- 
graphy ; (c) the smaller scale Topographical 
map, between 1/Million and perhaps 1/100,000, 
either compiled and reduced from larger scale 
surveys, or the result of rapid and approximate 
work in the field, and covering at most a few 
degrees square ; and finally (<£) the large scale 
Topographical map, each sheet covering only a 
few hundred square miles on not less than 
1/50,000, representing the detail surveys of the 
• field and the calculations of the computing 
office. In maps of class (a) the defects of 
projection are obvious, and the choice is a 


choice of evils ; in class (6) a judicious choice 
can generally avoid the grosser errors, though 
the map is sensibly imperfect in its repre- 
sentation of distance or area or shape ; in 
class (c) the representation on a single sheet 
is to the eye practically perfect, though the 
errors are susceptible of measurement ; and 
in (d) the errors of a well-chosen projection 
may be smaller than can be drawn, but are 
still readily appreciable in the numerical work 
that is the basis of the map. In the first two 
the errors that result from neglecting the 
ellipticity of the Earth’s figure are so much 
smaller than the defects of the projection that 
it is hardly worth while to trouble about them. 
In the two last it is essential to take into account 
the figure of the Earth ; not because it pro- 
duces any visible difference in a single sheet 
of the map, but because it is involved in the 
survey calculations. 

§ (2) The Properties of Projections. — 
The criteria by which a projection is judged 
are defined above as : , 

(i.) Representation of Scale: A small dis- 
tance on the ground should bear a constant 
proportion to the corresponding distance on 
the map. This cannot be secured completely, 
or the map would he a perfect representation, 
which is impossible. But the scale along the 
meridians may he correct, or along one or 
more parallels, or along the radii from the 
centre of the projection. 

(ii.) Representation of Area : Although the 
scale cannot be correct in all directions all 
over the map, it may at every point of the 
map be such that the scale in one direction is 
inversely proportional to the scale at right 
angles to the first ; each element of area has 
then the same proportion to the corresponding 
element on the ground, and the map is “ equal 
area.” 

(iii.) Representation of Shape : Although all 
shapes cannot be represented truly, the scale 
in one direction may be at every point pro- 
portional to the scale at right angles, so that 
the shape of elementary areas is preserved, and 
the projection is called orthomorphic or con- 
formal. 

(iv.) Ease of Construction : which depends 
more on the technical equipment of the carto- 
grapher than on the complexity of the pro- 
jection. In most cases the projection of a 
map is plotted in rectangular co-ordinates, 
and smooth curves drawn through the plotted 
points. Unless the curvature is very sharp, the 
class of curve makes little difference, at any 
rate in a large establishment, where the 
calculation and drawing are done by different 
people. 

(v.) Adaptability to methods of survey and 
computation is much more important in the 
work of a large survey, where it is desirable 
that the numerical eo-ordinates of all trigono- 
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metrical points shall be calculated once for all 
in a single system, ready for immediate use 
on any sheet of the series. This is especially 
important in war, for successful co-operation 
with the artillery. 

§ (3) Relative Importance op these Pro- 
perties. — This depends on the class of map. 
For a World map orthomorphism is of small 
value, since the shape of large areas cannot 
be preserved correct ; equivalence of area is 
desirable, at least approximately ; accuracy 
of scale sufficient to allow of distances being 
measured in any direction can hardly be 
obtained; but ease of construction is useful. 
Most important is the choice of centre and 
boundaries, so that the area to be represented 
is well arranged, and the relative situation of 
its parts preserved so far as possible* But, 
speaking generally, no measures can be made 
on a World map without precautions and 
subsequent reduction : the misrepresentation 
on a plane is too great. 

In an Atlas map, as defined above, the 
errors are not so unmanageable. On a well- 
chosen. equal area projection the areas are 
preserved and distances may he measured 
roughly, with precaution. But true hearings 
or azimuths are generally unmeasurable to a 
greater or less degree according to the size of 
the area, and orthomorphism is not of much 
account except in the special case of sea- 
charts on Mercator’s Projection. 

In the smaller scale Topographical maps it is 
easy to have scale and areas sensibly correct, 
though not exact, and orthomorphism is 
important as facilitating the compilation of 
material reduced from varying but larger 
scales. In the larger scale Topographical maps 
and plans the errors of the projection may he 
made insensible to measurement, and the 
projection is chosen to facilitate the orderly 
and convenient arrangement of the triangula- 
tion and reductions. 

§ (4) Nomenclature of Projections. — 
Practice varies very much ; but a convenient 
way is to divide the projections into genera 
according to the method of construction : 
conical, cylindrical, zenithal (including perspec- 
tive as a sub-genus), and conventional: the last 
a wide class, which may at discretion include 
or exclude the modifications in the former, 
such as Bonne’s or the Polyconic. The genera 
are then divided into species according to 
their properties of correct representation of 
length, area, or shape of an elementary area : 
thus we have the conical equal area, the 
zenithal orthomorphic, and so on. This 
principle cannot be used to the full without 
pedantry, as there are some projections always 
called after their inventors, as Mercator’s, or 
after their principal advocate, as Bonne’s. 

§ (5) Classes of Projections. — Perspective 
projections are those which are projections in 


the geometrical sense, produced by the inter- 
section of a plane with a bundle of rays drawn 
through points on the spheroid from a common 
vertex of projection. Such are the G-nomonic, 
Stereographic, Orthographic, and Clarke’s 
Minimum Error Perspective Projections. 

(i.) Conical Projections . — These are defined 
most generally as those in which a set of straight 
lines radiating from a common vertex are cut 
at right angles by a set of concentric circular 
arcs described about that vertex. In practice, 
though not necessarily, the first set are equally 
spaced, and the different properties required 
are obtained by modifying the spacing of the 
circular arcs. The figure thus bounded by the 
extreme radii and the circular arc of radius r, 
furthest from the vertex, is a fan-shaped figure 
with an angle at the vertex equal to 2irn 9 
where n lies between 0 and I, This fan-shaped 
figure may be rolled into a cone of which the 
solid angle depends on the magnitude of n 9 
which is called the constant of the cone. The 
radiating straight lines have become generators 
of the cone, and the circular arcs have become 
its circular sections. 

Bet one of these circular sections be the ssteie 
size as a chosen parallel of latitude of the 
spheroid, and be made to coincide with it. 
The vertex of the cone will then lie in the polar 
axis of the spheroid produced. The circum- 
ference of the circular section is rrn, and of 
a parallel of the spheroid is 2ttv cos <}£>, where <p 
is the geographical latitude and v the radius 
of curvature at right angles to the meridian 
in that latitude. Hence the constant of the 
cone is v cos <p/r. 

The two coincident circles, the section of the 
cone and the parallel of latitude, being divided 
similarly, the generators of the cone will 
correspond to meridians of the spheroid, and 
will make angles with one another equal to n 
times the corresponding angles between the 
meridians. The position of the vertex on the 
polar axis produced, and consequently the 
length of r, are still at disposal, and there is 
evidently an infinite series of cones based on 
a given standard parallel, but with different 
radii and different values of n , the constant 
of the cone. If the vertex be so chosen that 
the cone is tangent to the spheroid along the 
parallel of latitude, then r = v cot (j> for that 
parallel, and the constant of the cone equals 
sin 0. If, further, we have the radii of the 
concentric set of arcs so spaced that their 
distances apart are the same as the distances 
of the other parallels of latitude of the 
spheroivl, then we have on the cone a con- 
struction of radiating lines and orthogonal 
concentric arcs which, when the cone is 
developed on to a plane, gives the simple 
conical projection. 

By keeping the meridians the same, but 
modifying the spacing of the parallels, one 
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may make the projection equal area or ortho- 
morphic ; and one might do the same on any 
one of the cones of the infinite series men- 
tioned above. But in fact this great variety 
is never used; if one parallel is to be made 
the right length, the cone is always supposed to 
be tangent at that parallel for the simple conic 
with true meridians, and for the simple conical 
orthomorphic, though not for the conical equal 
area with one standard parallel. 

In all such conical projections with only one 
parallel its true length, the scale along the 
other parallels rapidly becomes seriously un- 
true, which can be to a great extent remedied 
by making two parallels standard, or true to 
scale. But it is important to note that the 
cone with these two parallels standard is not 
the cone which cuts the spheroid in these two 
parallels, and to speak of these projections as 
“ secant conical ” projections is misleading. 

(ii.) Oblique Conical Projections . — Up to the 
present we have supposed the radiating lines 
to correspond to meridians of the spheroid, 
and the concentric circular arcs to its parallels 
of latitude : this is the normal case, and the 
vertex of the cone may then he pictured as 
in the polar axis produced, though by this 
time we may very well dispense with picturing 
the cone at all. But if the conical projection 
is not normal, the radiating lines from its 
vertex will correspond to radiating great 
circles from a point on the sphere — to speak 
of the spheroid makes difficulties — and the 
concentric arcs correspond to concentric small 
circles of the sphere about the point. Such 
oblique conical projections have no value, 
except in the particular case when the constant 
of the cone becomes unity, and the cone may 
be pictured as degenerating into the tangent 
plane at the point. This gives the valuable 
series of Zenithal or Azimuthal Projections. 
Zenithal projections may of course be centred 
on the pole (Polar Zenithal), or on the equator, 
but more generally are centred on some point 
between the two, and called Horizontal. They 
are usually true to scale at the centre, though 
there is no reason why some other small circle 
instead of that at the centre should not be 
made true ; and the radii are divided to give 
true distances from the centre, equal areas, 
or orthomorphism, on the same principles as 
the conical projections from which they may 
be considered derived. The meridians and 
parallels of the sphere are represented by 
complex curves, which are, however, con- 
structed without much difficulty by calculat- 
ing the distances and bearings from the centre 
of their principal intersections, plotting the 
bearings true, and the distances along the 
radials according to the law of the projection. 
One zenithal projection may therefore be 
readily converted into another, of different 
properties, by simply modifying the radial 


distances, preserving the bearings from the 
centre. Zenithal projections are much used 
for Atlas maps, but never for maps on a large 
scale, and it is rarely if ever necessary to take 
account of the ellipticity of the Earth further 
than to use for the radius the geometric mean 
of the radii of curvature at right angles to and 
in the meridian through the centre of the map. 

(iii.) Cylindrical Projections . — If the constant 
of the cone becomes zero, or the vertex is 
supposed to be at infinity, the cone becomes a 
cylinder, which may be thought of as touch- 
ing the spheroid along the equator (Normal 
Cylindrical), or along a meridian (Transverse 
Cylindrical), or along soma other great circle 
(Oblique Cylindrical), the last being of little 
importance. The distances from the vertex of 
the cone, the radii, all become infinite, and our 
formulae have to be adapted to give differences 
of radii. Three of the cylindrical projections 
— Mercator’s, Cassini’s, and Lambert’s first 
or the Gauss Conformal — are among the most 
important of all projections. 

§ (6) Uniform Notation for Formulae 
of Projections, (i.) Conical : r 0 is the 
radius of a single standard parallel of latitude 
<p 0 or co-latitude x 0 . 

r 19 r 2 are the radii of two standard parallels 
of latitudes <p x , <p. z , or co -latitudes xi> X 2 * 

r is the radius of any other parallel of 
latitude <p or co-latitude x- 

R is the radius of the Earth reduced to the 
scale of the projection : or if the ellipticity 
is taken into account, p is the radius of 
curvature in the meridian, and v at right 
angles to the meridian. 

n is the constant of the cone ; 

A\ the difference of longitude from the 
central meridian ; 

6 the angle a meridian of the projection 
makes with the central meridian ; whence 
6 . A\. 

(ii.) Zenithal : r is the radial distance from 
the centre of the projection corresponding to an 
angular distance f on the sphere. 

/3 is the angular radius of the boundary of 
the map. 

§ (7) Scale Value of a Projection at 
Different Points, (i.) Conical: The scale 
along a meridian is drjpd<j>, The scale along 
a parallel is 

rddjp cos <p d\ = nr/p cos <p , 

and then scale values can be found very 
easily for any point from the formulae given 
for the radii in the various conical projections, 
it being practically sufficient to put both p 
and 1 / =R in the calculation. 

(ii.) Zenithal : The scale along a radial is 
dr[Rd£ and along a parallel small circle is 
r/R sin f. 

Considerations of symmetry show that the 
above found scale values are maximum and 
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minimum values of the scale values at the 
point. Call them a and b (a>-6). Then 
an elementary small circle about the point 
on the Earth is transformed by the pro- 
jection into an ellipse with semi-axes a and ft. 
This ellipse is called the Indicatrix. It is 
easily shown that the maximum deformation 
of angle in the immediate neighbourhood of 
the point is 2co, where sin =(a - ft)/(a-i- ft). 
The values of a, ft, and 2oo are often tabulated 
for intervals over the projection, as a criterion 
of its deformation ; and for all orthomorphic 
projections 2oo = 0. But this gives a false 
impression of accuracy. A better test of the 
freedom of a projection from serious distortion 
is to calculate from the rectangular co-ordinates 
the distances and bearings between selected 
points far apart on the projection, and compare 
with their true distances and bearings on the 
sphere. The result of such comparison is 
by no means in favour of the orthomorphic 
projections for maps of great extent. 

§ (8) Principal Projections. — The prin- 
cipal projections for maps are described briefly 
in the following paragraphs, arranged alpha- 
betically, not systematically. When a projec- 
tion is of value only for small Atlas maps, 
the Earth is generally taken as spherical ; 
but when necessary the radii of curvature p 
and v are used instead of R in the formulae 
which follow : 

(i.) Airy's Projection by Balance of Errors . — 
Invented by Sir George Airy when Astronomer 
Royal (Phil. Mag., Dec. 1861 ; corrected by 
Capt. Clarke, Phil. Mag., April 1862). A 
zenithal projection on a complicated formula 
constructed to make the £C total misrepresenta- 
tion ” (expressed by the integral over the 
surface to be rejjresented of the sum of squares 
of errors of scale in two orthogonal directions) 
a minimum. The law of the radii depends 
on the spherical radius to he represented. 
The original investigation by Airy was 
erroneous, and although the error was quickly 
pointed out by Clarke, the numerical results of 
Airy are often quoted in text-books. A small 
example, with centre in lat. 23 N. and 
spherical radius 11 3^°, is frequent in atlases: 
but its only serious use is for map of United 
Kingdom by Ordnance Survey on 10 miles to 
inch, covering area much too small to exhibit 
the merits of the projection, which is suitable 
for hemispheres. 

Formula : 

r = 2RM“ 1 {cot -If log sec 

-h tan Jf cot 2 log sec 1/3} , 

where logs are common, M their modulus, 
M" x = 2*30259, and /3 the spherical radius. 

(ii.) Bonne's Projection, or Projection du 
Depdt de la Guerre. — First used in a rough 
form by Ptolemy for his second projection for 
World-map ; by Bonne (1752) ; and adopted 


by the Depot de la Guerre (1803) for the map 
of France on the scale 1/80,000. Much used 
throughout last century in continental surveys, 
for the O.S. maps of Scotland and Ireland, 
and in atlases. A modification of the simple 
conic, in which all the parallels are divided 
truly and meridians are curves passed through 
these dividing points. The projection is equal 
area ; and scale along and perpendicular to 
parallels (but not along meridians) is correct. 
Its great defect is the obliquity of meridians 
to parallels, increasing with distance from 
centre. This proved so disadvantageous for 
artillery work that at the end of the Great 
War the tactical maps of the Allies were all 
being converted to Lambert’s Conical Ortho- 
morphic Projection (q*v.). 

(iii.) Breusing' s Projection . — A mean betw r een 
the Zenithal Equal Area and Zenithal Ortho- 
morphic (Stereographic). Its inventor employs 
the geometric mean, with radii given by 

r = 2R Jtan sin 

But it has been shown recently by Young 
that the harmonic mean gives a better result, 
with radii 

r = 2R tan 

(iv.) Cassini's Projection (Transverse Simple 
Cy lin drical). — Used by Cesar Fran§ois Cassini 
for the Carte de France, 1745-1793, and by 
the Ordnance Survey for the maps of England 
(Scotland and Ireland are on Bonne’s Projec- 
tion). Taking a central meridian and fixed 
point on it as origin (for England the meridian 
through the point of the principal triangulation 
at Delamere, Cheshire), * the length of the 
spheroidal perpendicular from any point to 
the central meridian, and the length of the 
arc of meridian from the origin to the foot 
of this perpendicular, are plotted as rect- 
angular co-ordinates. The scale at right angles 
to the central meridian is correct ; the scale 
parallel to it is too great by a quantity vary- 
ing as the square of the distance from the 
meridian. Hence the projection should not 
be used for a map covering a great extent of 
longitude. 

For spherical Earth the co-ordhiates x and 
y are given by 

sin as = sin AX cos </>, 
cot (<f> 0 + y)=cos AX cot cp, 

0 O being latitude of origin. For spheroidal 
Earth the expressions for x and y are compli- 
cated, and calculation proceeds by successive 
approximations, or by the expansions in 
series (see The Mathematical Basis of the 
Ordnance Maps of the U.K., Major A. J. 
Wolff, D.S.O., R.E., Southampton, 1919). 

(v.) Clarke's Minimum Error Perspective 
Projection . — About 1860 Colonel A. R. Clarke 
applied Airy’s principle of making total 

2 x 


von. in 
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misrepresentation, a minimum to the per- 
spective projections. If the projection is 
made on the tangent plane from, an external 
point distant ZiR from the centre of the 
sphere, the radii are given by 


r=R(l + 7i) 


sin f 
^4-cosf 


and h depends upon the spherical radius (3 
of the map for which the total misrepresenta- 
tion is to be a minimum. There is no simple 
relation between h and but h has been 
found for various values of (3, and others can 
be obtained by interpolation. If the plane of 
projection is moved parallel to itself to a 
distance &R from the centre, the scale at 
the centre is sacrificed, hut with advantage 
to the outer zones ; h is substituted for 
unity in the expression for r ; and k also 
has to be adapted to suit /3. The projection 
is interesting, but scarcely used (see Phil . 
Mag., I860). 

(vi.) Conical Projection , Simple , with One 
Standard Parallel . — First described by Ptolemy ; 
developed on cone touching the sphere along 
the standard parallel. The radius of the 
standard parallel is R cot <£ x (or v cot cf> if 
Earth’s ellipticity is regarded). Other parallels 
are concentric circles, their true distances apart. 
The standard parallel is divided truly, and 
points of division joined by straight lines to 
the vertex to make the meridians. Constant 
of the cone n = sin fa Scale along meridians 
and along standard parallel correct ; along 
other parallels too great. Much used in 
atlases, but greatly inferior to the little used 
(vii.) Conical Projection with Two Standard 
Parallels . — Sometimes called by the name of 
De ITsle, but used two centuries earlier by 
Mercator for map of Europe (1554). Radius 
of standard parallel of latitude fa (the other 
fa) g^en by 


r l = v {fa ” fa) COS <Pi/(0OS (hi — COS fa). . 

This parallel is constructed and divided truly 
by straight meridians drawn from the vertex. 
Constant of the cone is 


n = (cos ^-cos fa)/ {fa- fa). 


By proper choice of standard parallels various 
conditions may be satisfied ; practically, par- 
allels one-seventh whole extent of latitude 
from bounding parallels give a good result. 
Scale along meridians and two standard 
parallels correct ; along other parallels too 
small within and too large without the 
standard parallels. Often improperly called 
the Secant Conic projection. 

(viii.) Conical Equal Area , with One Standard 
Parallel . — Lambert’s fifth Projection, 1772. 
The cone on which projection may be con- 
sidered as developed is no longer tangent 
along the standard parallel. Radius of 


standard parallel r 0 = 2R tan Jxg> and of any 
parallel 2R sec |xo sin Jx £ 71 cosS iXtr Scale 
along the meridian too great on the polar 
side of the standard parallel, and too small 
on the opposite side ; scale along the parallels 
inversely as the scale along meridians. The 
vertex of the projection represents the pole, 
but the whole polar area is included within 
the angle 2tt cos 2 |-Xo* The projection is little 
used, being much inferior to the 

(ix.) Conical Equal Area with Two Standard 
Parallels . — Albers, 1805. The constant of the 
cone n — J(sin fa+sin fa) ; the radii of the 
standard parallels are r x *= R cos fa jn and 
r 2 = R cos fajn ; the radius of any other 
parallel is given by 

r 2 = 2R 2 /^ . (sin fa - sin fa + r x 2 
= 2R 2 In . (sin fa - sin fa -f r 2 2 

Outside the standard parallels the scale 
along the parallels is too large and along the 
meridians too small ; between the standard 
parallels the opposite. The projection was used 
for the new edition of the Austrian Staff Map 
on scale 1/750,000, but very rarely in atlases. 
To take account of ellipticity of the Earth, 
use the product pv of radii of curvature in 
the two directions at centre of map, instead of 
R 2 : this gives an approximate result sufficient 
for Atlas maps. For closer approximation use 
the geocentric instead of the geographical 
co-latitudes. 

(x.) Conical Orthom, orphic . — Lambert’s 
second (1772), frequently known by the name 
of Gauss (1825). If the radii of a conical pro- 
jection are given by r = m(tan |x)% when n is 
the constant of the cone, and m a scale constant, 
the projection is orthomorphic. If n is chosen 
so that the cone is tangent along the standard 
parallel, n = cos Xo £ and if the scale constant 
is chosen to make the standard parallel its 
true length, m = R tan Xo/^an hXo) C0S X°* Hence 
the general expression for the radii is 


r= R tan Xo 

(tan ixo) cos Xo 


(tan ix) C0B Xo * 


The scale away from the standard parallel is 
now everywhere too large, and there are pairs 
of parallels north and south of the standard 
parallel, along which it is too large by the 
same amount. Any such pair of parallels is 
connected bv the relation 


n = log sin xx - l og sin x 2 
log tan |xi - log tan |x 2 * 

but this does not allow us to find conveniently 
the parallels which will be made standard by 
a given reduction in the scale value. If n is 
maintained in its original value, the new 
standard parallels will not be quite symmetrical 
with respect to the original standard. Bxxt if 
we are content to modify n slightly we choose 
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the two parallels to be made standard, calculate 
n from the above expression, and then the 
scale value 

m _ R sin X I _ B sin X2 
7 i(tan |xx) n n ( tan 

To take account of the ellipticity of the 
Earth it is very nearly sufficient to use, instead 
of Xi* X& the astronomical co-latitudes, the 
corresponding geocentric co -latitudes, and to 
replace R by v» But more accurately we have 


and r=w(tan i x) n ( 7 - 6 \ 2 * 

v -a./ cos x j 

(See Germain, Traite des projections , p„ 56.) 

This projection, until lately little used, 
became prominent by its adoption for the 
tactical maps of the Allied armies towards the 
end of the war. Extensive tables were cal- 
culated by the French and the Americans 
(for the latter see Special Publ. U.S. Coast and 
Geodetic Survey, Nos. 47, 49, 53). To secure 
homogeneity in such tables it is necessary to 
work from the rigid theory, with consistent 
values, to eight or nine places of decimals, for 
the fundamental constants in the figure of the 
Earth : both tables are open to slight criticism 
in this respect. The especial advantage of the 
projection is its adajitability to co-operation 
between the Survey battalions and the 
artillery, for calculation of battery zero-lines, 
bearing pickets, grid-references of batteries 
and targets, etc. 

(xi.) Conventional Projections . — A name per- 
haps originally used for all projections not per- 
spective, and consequently not geometrically 
projections at all ; but now used loosely for 
miscellaneous varieties not included in the 
principal classes nor having any geometrical 
properties of interest, e.g. the Globular. The 
polyconic and Cassini’s should not be called 
conventional. 

(xii.) Cylindrical Projection , Simple * — The 
most conventional of all projections : meridians 
and parallels equidistant lines cutting ortho- 
gonally, forming squares if the equator is the 
standard parallel, and rectangles if some other 
parallel is standard. Used by early map- 
makers, as Marinus of Tyre, but now of no 
importance except in its transverse form, 
which is Cassini’s Projection (q.v.). 

(xiii.) Cylindrical Equal-area Projection . — A 
true geometrical projection of sphere on cir- 


cumscribing cylinder, by perpendiculars to the 
axis of the cylinder. Distance of any point 
from the equator = R sin <p (for cylinder touch- 
ing equator). A projection of little importance. 

(xiv.) Cylindrical Orthomorphic Projection 
= Mercator’s (gw.), if the cylinder touches 
the equator ; or = Gauss Conformal (q.v.), if 
cylinder is transverse, touching the meridian. 

(xv.) Gauss Conformal Projection (Transverse 
Cylindrical Orthomorphic). — Really due to 
Lambert : first employed for the Survey of 
Hanover, and lately for the 
Survey of Egypt. Described 
by Mr. J. I. Craig {Survey 
Department Papers , No. 13, 
Cairo, 1910). Resembles the 
Cassini Projection, slightly 
modified to make it ortho- 
morphic. Complicated in 
theory and not markedly 
superior to simpler projections, 
except for certain computing 
advantages, arising from its 
orthomorphism, which are 
valuable in precise cadastral 
survey. Suitable only for country of little 
extent in longitude, as the valley of the Nile. 

( x vi. ) Globular Projection . ■ — Conventi onal, 
used only for map of the world in two hemi- 
spheres ; first by Nicolosi, 1671; sometimes 
called by name of Arrowsmith, who published 
large map of two hemispheres in 1794, The 
equator, the centi'al meridian, and the circum- 
ference of the bounding circle are divided into 
equal parts ; the meridians and parallels are 
arcs of circles passing through the points thus 
determined. The projection has no merit 
but simplicity of construction ; the zenithal 
equidistant or zenithal equal area make better 
projections for a hemisphere. 

(xvii.) Qnomonic Projection (so called from 
its use in graduating sun-dials) is the perspec- 
tive projection from centre of the sphere on 
plane tangent at point chosen for centre of 
map. 1 Radial distance from centre equals 
tangent of angular distance : hence distortion 
increases quickly away from the centre. Great 
circles of the sphere project into straight lines ; 
hence charts on the gnomonic projection have 
been constructed to facilitate great-circle 
sailing, but are not much used, owing to 
enormous distortion of chart covering large 
area. Problems in great- circle sailing are 
solved more readily by calculation. The 
projection is also used ' for plotting nautical 
plans on scale greater than 1/50,000 (see 
Report International Hydrographic Conference 5 
London, 1919), and during the war was used 
on charts for direction-finding by wireless. A 
gnomonic projection of the world on a circum- 
scribed cube has interesting properties, facili- 
tating study of great- circle routes (see Hinks, 
1 Invention ascribed to Thales, «. 548 B.C. 


n- 


log v % sin x* - log sin Xi 


leg [tonfc^}- rfwg)^] - I°S [tan iXl (; - 1 st) 1 ] 

v 2 sm x 2 


m- 


e cos X 2 
x v sm Xi 


n 


(tan W>f ? 008 » V” .(ton fa.)- ft ' + “ C °‘ 

v -A.V _ e cos xx) \l-ecosxa/ 



484 


MAP PROJECTIONS 


Map Projections , p. 41, and Geog . Journ June | 
1921). Celestial photographs are on gnomonic 
projection if distortion of objective is negligible. 

Formula : r = R tan f. 

For geometrical properties v . H. H. Turner, 
Monthly Notices R.A.S, lxx, 204. 

(xviii.) International Map Projection . — For 
the Carte Internationale du monde au millionieme 
the Conference which met in London (1909) 
adopted a modification of the polyconic pro- 
posed by M. Charles Lallemand. Each sheet I 
covers 6° of longitude by 4° of latitude. The 
central meridian is made its true length less a 
very small quantity, whose effect will be ex- 
plained below. The top and bottom parallels 
are then constructed as in the polyconic pro- 
jection, and divided truly. Corresponding 
points on these parallels are joined by straight 
lines to make the meridians, and the meridians 
are divided each into four equal parts by 
points which define the intermediate parallels. 
The meridians on each side of the central 
meridian are longer than the central, and the 
shortening of the latter, mentioned above, is 
so chosen that the meridians 2° on each side 
are of their true length. The projection 
differs, then, from the ordinary polyconic in 
the following respects : the meridians are 
straight, instead of being curves ; their 
lengths are slightly diminished ; and they are 
divided equally. Practically the only sensible 
difference is the first, which allows a perfect 
instead of a rolling fit with adjoining sheets 
east and west. The fit with sheets north and 
south is perfect in either case. But the angles 
at the corners are slightly less than right angles, 
and a block of four sheets, two in each row, 
does not make a perfect fit. For tables see 
Resolutions of the International Map Com- 
mittee , London, 1909 ; or Hinks, Map Pro- 
jections, p. 114. Tables on the same projection 
for maps on the scale I /Two Million are in 
Geographical Journal (Oct. 1918). 

(xix.) Mercator's Projection (Cylindrical 
Ortho morphic). — Constructed empirically by 
Gerard Mercator, and used first in his World 
map of 1569. The theory first investigated 
and tables published by Edward Wright ( Cer - 
taine Errors in Navigation corrected , 1599). The 
logarithmic formula below, first given by Henry 
Bond, 1645. Meridians are parallel straight 
lines cutting the equator orthogonally at dis- 
tance apart true to scale ; parallels are straight 
lines parallel to equator at continually increas- 
ing separation ; scale value at any point pro- 
portional to secant of latitude ; hence the poles 
are at infinity. Unsuitable for general map 
of world owing to great exaggeration of scale 
north and south. But generally used in 
navigation because, being orthomorphic with 
meridians and parallels orthogonal straight 
lines, the line of equal bearing, constant 


compass course, or loxo drome between any 
two points is a straight line, and the course 
is found conveniently by use of parallel ruler 
and the compass rose engraved on the chart. 

Distance of parallel lat. <p from the equator is, 
in minutes of arc : 

7915 / . 705 log tan (45° 4- %<p) 

- 3437' . 7(e 2 sin 0+J-e 4 sin 3 </>), 

where e is the eccentricity of the Earth’s 
figure. 

Numerous extensive tables are published ; 
e.g. Germain, p. 290. 

(xx.) Mollweide's Projection (sometimes 
called Babinet’s Homalographic) is a represent- 
ation of the whole sphere in an elliptical figure 
with major axis twice the minor. Described 
by the author in Zach’s Monatliche Korre - 
spondenz , August 1805. Projection is equal 
area, and much used of late for distribution 
diagrams of the whole world ; but though areas 
are preserved, the distortion of shape is great. 
To get areas true to desired scale take major 
axis = 2 sj2 . R and divide equally for equator. 
Meridians are ellipses through these points 
and the extremities of minor axis of figure, 
length ^/2 . R. Parallel of latitude <f> is at 
distance from equator = sj 2 . R sin where 
Q given by 

7 T sin <fi ==20 + 2 sin #. 

An interesting transverse Mollweide, con- 
structed by Col. Sir Charles Close, is given 
as frontispiece in Hinks’ s Map Projections ; 
useful for representation of areas and distribu- 
tions in British Empire. 

(xxi.) Orthographic Projection (ill-named, as 
by no means a correct representation), the per- 
spective projection on tangent plane by lines 
parallel to diameter through point of contact ; 
or centre of projection at infinity. Invention 
ascribed to Hipparchus. Useful in astronomy, 
especially for maps of moon and planets, but 
little used in geography. 

Formula : r = R sin 

(xxii.) Perspective Projections . — The rela- 
tively small class of strictly geometrical pro- 
jections on a tangent plane touching the 
sphere at centre of map, by rays from a vertex 
in the diameter through this point of contact. 
Vertex at centre of sphere — Gnomonic. 
Vertex opposite end of diameter — Stereo- 
graphic. 

Vertex distant from centre P367R — Sir 
Henry James’s Projection (as corrected by 
Clarke). 

Vertex distant from centre 1-71K- — La Hire’s 
Projection. 

Vertex at infinity — Orthographic. 
Corresponding to various spherical radii 
of surface to be represented are positions of 
vertex giving minimum error of representa- 
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tion. The series comjmsed in general name 
Clarke’s Minimum Error Perspective Projec- 
tion, in which, however, the minimum is 
obtained by bringing the plane of projection 
in from tangency to a parallel position nearer 
the centre. The projections of James and 
La Hire are special cases of Clarke’s {q.v.). 

(xxiii.) Pohjconic Projection . — Each parallel 
is plotted independently, as if it were the stand- 
ard parallel in a simple conic projection, and 
the parallels cut the central meridian orthogon- 
ally at their true distances apart. Hence the 
circular parallels have their centres on a 
straight line, hut are not concentric ; they 
diverge from one another on each side of the 
central meridian. The meridians are smooth 
curves passed through the points dividing the 
parallels truly, and are curved, as in the Bonne 
Projection. The polyconic projection is neither 
equal area nor orthomorphic, and it is quite 
unsuitable for maps covering large areas. 
But for a single topographical sheet it is 
indistinguishable from other projections with 
better theoretical properties ; and it has the 
great advantage that as each parallel is 
constructed and divided independently of the 
chosen centre, tables may be calculated to 
serve for the projection of any sheet, without 
further calculation. (See Tables for a Poly - 
conic Projection of Maps based upon Clarke's 
Reference Spheroid of 1866 , U.S. Coast and 
Geodetic Survey, Washington, 1884, and 
subsequent editions.) Modifications in use 
are the Rectangular Polyconic and the 
Projection of the International Map (q.v.). 

(xxiv.) Rectangular Polyconic. — Introduced 
about 1858 by Colonel A. R. Clarke of the Ord- 
nance Survey. The parallels are constructed 
as in the ordinary polyconic. One is divided 
truly ; and meridians are formed by curves 
passing through these points and cutting all the 
parallels orthogonally. May be constructed 
from tables calculated by Major Leonard 
Darwin, R.E., published by the War Office, 
1890. Recently re-examined by Capt. G. T. 
Mo Caw, General Staff, who proposes a modifica- 
tion, making the projection practically ortho- 
morphic, and is publishing new tables. 

(xxv.) Polyhedric Projection — Much used in 
continental surveys for projection singly of 
topographical sheets, by supposing perpendicu- 
lars from points of the spheroidal surface on a 
plane passing through the points marking the 
comers of the sheet. Of no scientific interest, 
and without the convenience attaching to a 
single system of co-ordinates for all sheets 
of a survey. In any single sheet indistinguish- 
able from Cassini’s or the polyconic. 

(xxvi.) Retro-azimuthal Projection . — A new 
type devised by Mr. J. I. Craig of the Survey 
Department, Egypt, in which the azimuth of 
the centre is correct at any point of the map 
(see Technical Lecture, No. 3, 1908-1909, 


Egyptian Survey Department). Used in map 
constructed to show the true bearing of Mecca 
at any point. Two classes distinguished, the 
first with parallel straight meridians, so that 
azimuth measurable on compass rose ; the 
second with curved meridians, from which 
azimuth at any point not so easily measured. 
The stereographic is retro -azimuthal in the 
second class. 

(xxvii.) Sanson's Projection , or the Sanson- 
Flamsteed, used by Sanson (1650) in his atlas, 
and by Flamsteed (1729) for his star maps. 
The particular case of Bonne’s Projection in 
which the equator is the standard parallel, and 
the other parallels straight lines parallel to it 
at their true distances apart. Much used in 
atlases for countries near the equator. Equal 
area ; but suffers from obliquity of meridians 
to parallels. Constructed very easily by 
spacing parallels truly and dividing them 
truly, proportional to cos 

(xxviii.) Stereographic Projection (Zenithal 
Orthomorphic) is the perspective projection on 
a tangent plane from the point on the sphere 
diametrically opposite the point of contact. 
Invention ascribed to Hipparchus, 150 B.c. 
Much employed in geography during sixteenth 
and seventeenth centuries, but now little used 
except for solving problems in crystallography. 
Both meridians and parallels project into 
circles, so that projection may be constructed 
geometrically, and has been used as a type 
from which to construct other zenithal projec- 
tions by transformation. Practically it is 
more convenient, and especially more accurate, 
to construct from plotted rectangular co- 
ordinates. Although orthomorphic, the pro- 
jection gives bad distortion of shape towards 
the margins of a hemisphere. Hence generally 
abandoned for maps, though important and 
interesting historically, particularly as founda- 
tion of graphical methods of calculation ; 
e.g. the astrolabe. 

Formula : r — 2R tan 

(xxix.) Tissot's Projections. — In his Memoire 
sur la representation des surfaces , 1881, M. A* 
Tissot developed from the most general analy- 
tical considerations a system of projection in 
which the distortion in angle is of the third 
order only, and the distortion in length of the 
second. In the general form the method does 
not seem to have been“ used, but it has been 
shown recently that Tissot’s projection is to 
the third order the same as the stereographic, 
while the projection for a zone is to the same 
order equivalent to Lambert’s Conical Ortho- 
morphic, and the projection for a “ lune ” 
between two meridians is equivalent to the 
Gaxiss Conformal. Tissot’s work should be 
taken, therefore, as leading to these projec- 
tions as the best, rather than as proposing 
alternatives. 
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(xxx.) Werner’s Projection . — The particular 
case of Bonne’s in which the standard parallel 
is the pole ; the parallels concentric circles 
about the pole, divided truly. Described by 
Werner in a treatise on Ptolemy, 1514 : of 
antiquarian interest only. 

(xxxi.) Zenithal Equidistant Projection. — 
Employed in its simple polar form by Glareanus 
(c. 1510), and in general form first studied by 
Lambert (1772). Distances from the centre 
their true length, and azimuths from the centre 
true. May be considered as special case of 
simple conic, generally oblique, with constant 
of cone unity, or cone degenerated into the 
tangent plane. Best constructed from tables 
of distances and azimuths for given differences 
of latitude and longitude ; e.g. in Hammer, 
Die geographischen wichtigsten Kartenprojek- 
tionen, Stuttgart, 1889. When plotted to 
true scale at centre the scale at right angles 
to the radial becomes rather rapidly too large. 
But it is possible to apply a general scale 
correction, depending on the spherical radius 
of area to be represented, that reduces the 
error of the outer zones, though at the expense 
of the inner*, and renders this projection as 
good as any of the zenithal (see A. E. Young, 
Map Projections , R.G.S. Technical Series, 
No. 1). 

(xxxii.) Zenithal Equal-area Projection. — 
Lambert’s sixth, wrongly called Lorgna’s. The 
radii, instead of being their true length, are 
calculated from r ==2R sin If, which gives an 
equal-area projection. Easily calculated from 
the tabular distances used in the zenithal 
equidistant. One of the best projections for 
a large continent, as Asia. A particular case 
of the conical equal area with one standard 
parallel. If it is necessary to take account 
of the Earth’s ellipticity one may replace R 
by sIp v > and calculate the radii from the 
spheroidal distances and azimuths. But it 
will rarely be worth while to do so, as the 
projection is used only for Atlas maps. 

§ (9) Zenithal Orthomorphic Projection 
is treated under its particular name of Stereo- 
graphic ( q.v .). Interesting as belonging to the 
general group of conical projections, the par- 
ticular class of perspective projections, and 
the group included under general name of 
Lagrange’s Circular Orthomorphic. 

Projections in Use . — Of the above principal 
projections, many are scarcely used. In 
atlases we find chiefly simple conic and 
Bonne, zenithal equidistant or equal area, 
and Sanson. In the larger scale maps of 
topographical surveys Bonne is most widely 
used, the polyconic is the most convenient, 
while Cassini, the “ Gauss Conformal,” and 
Lambert’s Conical Orthomorphic have each 
important advantages where area to be 
covered is not too large to allow of a single 
projection for the whole. Mercator’s Projec- 


tion should be confined to marine charts, or 
a narrow belt along the equator. 

If a choice of projection has to be made, the 
following will serve : 

Eor a hemisphere : Airy’s Projection by 
Balance of Errors, or Clarke’s Minimum 
Error Perspective. 

Eor a continent N. or S. of equator : Zenithal 
Equidistant or Zenithal Equal-area. 

Eor a continent cut by the equator : Sanson 
is good and easy to draw. 

Eor Atlas maps of smaller areas : Conic 
with two standard parallels. 

Eor extensive topographical map on small 
scale : Polyeonie, Rectangular Polyconic, 
or Projection of the International Map. 
Eor a topographical series • on large scale : 
Polyconic if plotted independently ; Lam- 
bert’s Conical Orthomorphic, or Gauss 
Conformal, for series on a single projection, 
the former if extent 13. and W., the latter 
j f extent N. and S. 


Tables foe Projections 

The most general are Tables for a Polyconic 
Projector of Maps, United States Coast and 
Geodetic Survey, Special Publication, No. 5. 
Figure : Clarke’s Spheroid of 180(5. 

Tables for Maps on scales 1/120,000 and 1/250,000 
between latitudes 0° and 00“, and lengths in feet of 
second of arc ot meridian and parallel arc given in 
Close, Text-hook of Topographical Surveying, H.M. 

& £ a , t i?5 ery 1! >1L Figure : Clarke's Spheroid 

ot 1858. 

Similar Tables from equator to 40° N. in Auxiliary 
Tables, Survey ot India, Behni Bun. Figure; 
Everest, 1830. 

Tables for Lambert's Conical Orthomorphic 
Projection : For the Western Front, Paris, Service 
geographique de Varmte (lithographed and net 
published) — Figure/ Plessis, modified by Puissant : 
or U.S. Coast and Geodetic Survery, Special Publ. 
47 — Figure, Clarke, I860. 

For the United States : Special Publication, 52. 


Principal Works on Projections 

Germain, A. : Traits des projections dett cartes 
gdographiqiics, Paris, Bertrand (c. 18 (10). Out of 
print. 

Lambert, J. H. : Anmerkungen und Zusatze zur 
Lntwerfung der Land - und Himmelmharten, 1772. 
.Reprinted in Ostwald's Klmsikcr der e.meten Wimten- 
schaftm, No. 54. 

Fiorini, M. : Le projezioni dalle carte geograftche, 
Bologna, 1881. 

Tissofc, A. : M&moire stir la representation des sur- 
faces et les projections des cartes g^ographiqaes, Paris, 
loci. 

Craig, .1. T. : The Theory of Map Projections, 
Survey Department, Paper No. 18, Cairo, 1 910. 

The above are severely mathematical : an element- 
ary book is 

Hinlts, A. It. : Map Projections, Cambridge 
University Press, 1012. Second edition in the press. 

A valuable work, with many new ami interesting 
developments. Is 

Young, A. 10. : Map Projections, R.G.S. Technical 
Series, No. 1, 1920. 

a. it. ir. 


Marvin Sunshine-recorder. See “ Radiant 
Heat and its Spectrum Distribution,” § (4). 



MASS, MEASURE OF— METEOROLOGICAL INSTRUMENTS 


487 


Mass, Measure of. (i.) Metric. — The Inter- 
national prototype Icilogramme is the mass 
of a cylinder of platinum -iridium, which 
is a copy of the original Borda kilogramme 
— the Icilogramme des archives ; this was 
intended to he equal to the mass of a cubic 
decimetre of pure water at its maximum 
density. 

(ii.) British. — The Imperial standard pound 
is the weight in vacuo of a platinum cylinder, 
(iii.) Equivalents. — 

(a) Metric Units. 

Kilogramme . . 1kg. == 2-2046223 lbs. 

Gramme . . . 1 g. = 16-432356 gr. 

Metric tonne . .It. =1000 kg. 

= 2204-622 lbs. 

= 0-9842 ton. 

(b) British Units. 

Pound . . . 1 lb. =453-69243 g. 

Ounce (avoir.) . 1 oz. = 28-3495 g. 

Ounce (troy and 

apothecary) . 1 oz. = 31-10348 g. 

Grain . . . 1 gr. = 0-06479892 g. 

Ton . . . lton= 1-016047 x 10 6 g. 

See “ Measurement, Units of,” Yol. I. 

Master Gauge : definition of. See “ Metro- 
logy,” § (19). 

Maximum Thermometer. See “ Meteoro- 
logical Instruments,” § (7) (ii.). 
Measurement : 

Methods of, applied to instruments. See 
“ Instruments, Design of Scientific,” § (2). 
Units of, in Meteorology. See “ Atmo- 
sphere, Thermodynamics of the,” § (2). 

Measurement op Volumes op Gases. See 
“ Volume, Measurements of,” § (22). 
Measurers and Indicators, functions of, 
as used for metrological observations. See 
“ Metrology,” § (32) (i.). 

Measuring Flasks : 

Construction and tolerances. See “ Volume, 
Measurements of,” § (12). 

Testing of. See ibid. § (13). 

Measuring Glasses, Graduated. See 
“ Volume, Measurements of,” § (20). 

Measuring Instruments used in Work- 
shop : external micrometer calipers. See 
“ Gauges,” § (85). 

Measuring Machines : 

“ Armstrong Whitworth ” type. See 
“ Gauges,” § (71). 

Cambridge Scientific Instrument Company’s 
microscope type for screw gauges. See 
ibid. § (34). 

For comparison of standard gauges, general 
principles. See ibid. § (14). 

For effective and core diameters of plug 
screws. See ibid. § (23). 

For pitch of ring screw gauges. See ibid. 
§ (25). 


Hartmann automatic comparator. See 
ibid. § (76). 

“ Herbert ” microscope machine. See ibid. 
§ (35). 

National Physical Laboratory type. See 
ibid. § (77). 

“ Newall ” type. See ibid. § (72). 

“ Pratt and Whitney ” type. See ibid. 
§ (73). 

“ Reid ” type. See ibid. § (78). 

“ Shaw ” type. See ibid l. § (75). 

“ Shaw ” type for screw gauges. See ibid. 
§ (31). 

“ Societe Genevoise ” type. See ibid. § (74). 
Tests on. See ibid. § (79). 

Types for end-gauges. See ibid. Section V. 
Types for measuring pitch of screws. See 
ibid. § (24) (A). 

Mendeleefp’s Work on Alcohol. See 
“ Alcoholometry,” § (4). 

Mercedes - Euklid Machine. See “ Cal- 
culating Machines,” § (10) (i.). 

Mercury, Density op, in grm. per c.c., 
tabulated. See “ Balances,” Table III. 

Meteorograph : a self-recording instrument 
giving a record of two or more of the 
ordinary meteorological elements. For kite 
balloon see “ Meteorological Instruments,” 
§ (36). 

Meteorographs, as used for the investigation 
of the upper air. See “ Air, Investigations 
of Upper,” § (8), etc. 


METEOROLOGICAL INSTRUMENTS 

Instruments for measuring the pressure of 
the air are described under the article “ Baro- 
meters,” to which reference should be made. 

The following article includes instruments 
for the measurement of 

II. Temperature, 1 

III. Precipitation, 

IV. Wind Velocity and Direction, 

V. Sunshine, 2 

VI. Solar Radiation, 2 

VII. Clouds, and 

VIII. Instruments for use in Aircraft. 3 


I. General Remarks 

§ (1) Desirable Characteristics. — The 
fundamental characteristics of good meteoro- 
logical instruments in general are the following, 
arranged in order of importance : 

(1) Accuracy. 

(2) Reliability, i.e. little tendency to 

change in accuracy. 


1 See also “ Thermometry,” Vol. I. 

2 See also “ Radiation” ; “Kadiation, The Measure- 
ment of Solar, etc.” ; “ Radiant Heat and its Spec- 
trum Distribution,” Yol. IV. 

3 “ Instruments used in Aircraft,” Vol. V. 
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(3) Simplicity of design* 

(4) Ease of reading and of manipulation. 

(5) Strength of construction* 

(6) Durability* 

(7) Low cost of maintenance. 

(8) Low initial cost. 

The desirability of these qualities needs 
only to be stated to be appreciated* but it is 
necessary to add some remarks on the need for 
simplicity of design. 

§ (2) Simplicity of Design. — It has to be 
borne in mind that most meteorological 
instruments are to be maintained in con- 
tinuous operation, and that the majority of 
them are either wholly or partially exposed 
to the weather. Further, amateur observers, 
to whose work the science is much indebted, 
must always form the great majority of 
contributors to the whole stock of observa- 
tional data, and most of them are not trained 
physicists or skilled mechanics. Consequently 
excessively fragile or non-durable instruments 
and highly complicated instruments are suit- 
able only for use at observatories or other 
places where the necessary skilled attention 
can be continuously devoted to them. Scores 
of designs for meteorological instruments, 
which have functioned satisfactorily in the 
laboratory, have come to nothing because 
they are unsuitable for the conditions under 
which they must be used. Especially does 
this apply to self-recording instruments, in 
the design of which simplicity should bo 
constantly aimed at. Every recording meteoro- 
logical instrument, except the Campbell- 
Stokes or Jordan sunshine recorder, necessarily 
contains a clock, and the object of the designer 
should be to reduce all other moving parts to 
a minimum. 

§ (3) Self - becording Instruments. — 
There are two further necessary characteristics 
of a self-recording instrument, viz. : 

(9) Minimum of friction between moving 

parts. 

(10) Provision of adequate control. 

(i.) Friction. — In condition (9) is included 
the friction between the writing-pen, if any, 
and the paper, as well as that in the bearings 
of the instrument ; indeed, the former is 
often much the more important of the two. 
It can only be reduced by adjusting the 
pressure of the pen on the paper to the lowest 
possible amount, taking care at the same time 
that the pen is quite clean and in good condi- 
tion* 

The fact is that provision must be made for 
adjusting the pressure of pen on paper ; but it must 
be confessed that, occasionally, the adjustment is 
misused, for it is far easier to apply more xiressure 
than to clean, adjust, or change. a pen which refuses 
to write, and it is not always realised by the operator 
that the resulting record may be practically valueless. 


Designers have often felt this difficulty and have 
sought to avoid it by providing some system of 
recording other than that of a simple pen, carrying 
ink. The most elegant of these methods is the 
photographic method, which will be exemplified 
later on. In this case the 46 pen ” is really a narrow 
pencil of light which is accurately focussed upon 
bromide paper which receives the record. Pen 
friction is entirely absent, but there are three dis- 
advantages : 

(a) The record is not visible until the sheet has 
been removed and developed. 

(b) The recording portion of the instrument must 
be kept in a dark room. 

(c) The initial cost, and (more serious) the cost of 
maintenance is high. 

Another system of recording which may be 
mentioned is that in which the indicating 
arm of the instrument is only brought into 
contact with the paper at definite and regular 
intervals (say one minute). A typewriter- 
ribbon is usually interposed between the arm 
and the paper, and the armature of an electro- 
magnet forces the arm upon the ribbon at 
instants which are separated by the chosen 
interval. The resulting record consists of a 
chain of dots. 

(ii.) Control . — Condition (10) is often ex- 
emplified in large aneroidographs in which the 
scale value of the pressure scale is two, three, 
or more times that of the scale of a mercury 
barometer. The “control” is provided by 
a pile of aneroid boxes, and sometimes the 
magnification of the motion of the moving 
end of the pile, by the levers of the instrument, 
is so great that the cc control 5 ’ at the pen 
(which is less than the control at the moving 
end of the pile divided by the magnification) 
is insufficient to overcome friction of pen on 
paper, and a “ steppy ” record results. 

II- Instruments fob me as it ring the 
Temperature 1 of the Am 

§ (4) Prelimin ab v. — -The accurate measure- 
ment of the temperature of the air in the open 
is one of the most difficult of all meteorological 
measurements, for it is so readily affected by 
effects of radiation. Radiation from the aim, 
the clouds, the sky, the ground, and surround- 
ing objects passes in straight lines through 
the air without appreciably affecting its 
temperature, for air is very transparent to 
radiant heat, especially if it is dry. But the 
instrument that is used to measure the tem- 
perature of the air is some kind of thermometer, 
and is made of material which intercepts 
radiant heat to an appreciable extent. In 
consequence the reading of the instrument 
may differ from that corresponding with true 
air temperature by any amount up to 50° F., 
or even more. Such differences depend partly 
upon the nature of the thermometer, partly 
upon the amounts of the different kinds of 
1 See also 44 Thermometry," VoL l m 
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radiation experienced, and j>artly upon the 
wind velocity and other extraneous factors* 
The reading of a thermometer freely exposed 
in the open may thus hear no determinable 
relation to the temperature of the particles 
of air in which it is placed. 

§ (5) Thermometer Screens. — It is there- 
fore usual to provide some form of thermo- 
meter shelter, or 46 screen,’ 5 which will serve 
to support the thermometers and to protect 
them from the weather and accidental damage, 
and at the same time shield them from radia- 
tion, without impairing the free passage of 
air over the bulbs of the thermometers. Many 
types of screen have been devised, and several 
types are in actual use in different countries. 
It will, therefore, be convenient to consider 
first what are the properties of an ideal 
thermometer screen, and subsequently to 
trace how far these properties are exemplified 
in screens which are in use. 

(i.) An Ideal Screen . — Ideal thermometer 
screens could probably be defined in more 
than one way, but it seems that the following 
characteristics, if realisable, would satisfy the 
necessary conditions : 

(1) The screen should be a u uniform tem- 
perature enclosure.” 

(2) The temperature of the inner walls of 
the 66 enclosure 55 should be the same as that 
of the external air. 

(3) The cc enclosure ” should completely 
surround the thermometers. 

(4) The “ enclosure 99 should be impervious 
to radiant heat. 

These conditions are sufficient to ensure 
that the temperature of the thermometers 
is the same as that of the inner walls of the 
screen, and therefore, by hypothesis, the same 
as that of the external air. 

Of these conditions the third and fourth 
are easy of attainment, but the first and 
second* are difficult. It is usual to provide 
an approximation to conditions (I) and (2) 
by (a) constructing the screen of non-conduct- 
ing material, such as wood or straw ; ( b ) 
providing the screen with double walls, with 
ample air circulation about them ; and (c) 
painting the screen white so as to reflect as 
much radiation as possible. The outer wall 
of the screen may become heated to a con- 
siderably higher temperature than the air, 
on a day of strong sunshine, but in consequence 
of the non-conducting layer of air between 
the outer and inner walls, the temperature 
of the inner wall will not differ greatly from 
that of the air. The difference will be reduced 
if there is appreciable wind, when this inter- 
vening layer of air is constantly being changed, 
and has no time to acquire by conduction 
and convection the temperature of the outer 
wall and pass it on by the same agencies to 
the inner wall. 


The four conditions given above do not 
include provision for free circulation of air 
inside the screen, but this is always provided 
in practice, partly to assist in realising condi- 
tions (1) and (2), as just explained, and partly 
in order that rapid changes of air temperature 
may be immediately communicated by con- 
vection to the thermometers. The process 
of radiation exchange between the thermo- 
meters and the inner walls of the “ enclosure ” 
requires some time for the adjustment of 
temperature as between walls and thermo- 
meters, following on a change of temperature 
of the walls, so that, in the absence of wind 
circulation inside the “ enclosure,” an ap- 
preciable time-lag would be introduced between 
corresponding temperature changes in the air 
and in the thermometers. On days of strong 
solar radiation, however, it is evident that 
the free circulation, inside the screen, of air 
which has passed over the heated outer walls 
of the screen will cause the thermometers to 
read too high. The omission of provision for 
free circulation would, however, in that case 
give much more erroneous results. For the 
temperature of the inner walls would rise to 
that of the outer walls (supposed thin) of the 
screen, and the readings of the contained 
thermometers -would therefore approximate 
closely to that of the outer walls. Should, 
however, the outer walls be made of thick 
non-conducting material, the temperature of 
the inner walls, and therefore of the contained 
thermometers, would, in the absence of 
circulation, tend to remain constant, and would 
fail entirely to respond to the air temperature 
outside. 

Ey way of illustration of these remarks it 
is a matter of common experience that the 
air inside an ordinary stone or brick house, 
of which the doors and windows are kept 
closed, remains at an equable and com- 
paratively low temperature throughout the 
hottest day, the walls serving to prevent 
passage of heat from the outside to the inside. 
The opening of a window, however, is sufficient 
to raise the temperature quickly, and if the 
window is on the sunny side of the house 
it will probably admit air which has been 
heated by contact with the outer surface of 
the wall. On the other hand, the temperature 
inside a hut with thin walls would, on the same 
occasion, be raised to a high value, far above 
that of the external air, if the hut were kept 
closed. In this case, relief would be obtained 
by opening doors and windows, thus intro- 
ducing cooler air from outside. 

We thus arrive at the conclusion that, on 
occasions of strong sunshine, the combination 
of a non-conducting shelter, and a free circula- 
tion, inside the shelter, of air which has not 
been . heated by conduction from the walls 
of the shelter is likely to give, inside the 
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shelter, a good approximation to the true air 
temperature. If the shelter were also made to 
protect the thermometers inside from being 
wetted by precipitation it would be satis- 
factory on all other occasions, but the non- 
conducting material would not then be an 
urgent necessity. 

We proceed to trace the application of 
these ideas to types of thermometer screens 
which are in use. 

(ii.) Wall Screen . — One of the earliest types 
of screen used in this country is the “ wall 
screen ” — a wooden thermometer shelter which 
is arranged for suspension on a wall facing 
north. It consists merely of a wooden back 
with a narrow roof projecting forwards, and 
slanting downwards from the upper edge of 
the hack. The thermometers are suspended 
upon the wooden back, and the roof protects 
them from most of the precipitation which 
occurs. 

Such a screen is unsatisfactory for the 
following reasons : 

(а) The thermometers are not adequately 
protected from precipitation which falls with 
northerly winds. 

(б) In summer the sun shines directly upon 
the thermometers in the early morning and 
late evening. 

(c) Solar radiation reflected from surround- 
ing objects raises unduly the temperature of 
the thermometers during the day time. 

(d) The thermometers are influenced to 
some extent by their close proximity to the 
wall. 

(iii.) Qlaisher Screen . — This is a wooden 
structure with a roof which slopes towards 
the south, and with single - louvred walls 
on the east, south, and west sides of the 
screen. The bottom and the north side are 
open, and the thermometers are suspended 
within the screen in such a way that direct 
solar radiation never falls upon them. The 
screen is supported upon a strong wooden 
stand about 6 feet above the ground, and it 
is exposed on an open site as far as possible 
from buildings or trees. This screen gives 
temperatures which are too high on sunny 
days, on account of the indirect radiation 
which reaches the thermometers through the 
open bottom and north side. On the other 
hand, the minimum temperatures which are 
registered are too low on clear nights for a 
similar reason. 

(iv.) Marine Screen . — In the screens de- 
scribed above it is usual to expose four thermo- 
meters, viz. dry -bulb, wet -bulb, maximum 
thermometer* and minimum thermometer ; 
these being the usual equipment of a climato- 
station for observations of air tem- 
perature and humidity. 

At sea, self -registering thermometers (maxi- 
mum and minimum) cannot be used because 


of the motion of the ship, so that the dry 
and wet bulbs are the only thermometers which 
require to be sheltered. The wooden screen 
which is used is therefore a small one, 16 
inches high, 5 inches deep, and 7 inches wide, 
with panels of single louvres in the sides, 
bottom, and door (in front), and solid roof 
and back. It is fixed on deck against a bulk- 
head or other suitable support, in a position 
which is protected from spray as far as 
possible, and where hot air from funnels, etc., 
does not spoil the exposure. 

(v.) Stevenson Screen . — This is the standard 
screen in use in the British Isles, and is 
illustrated in Fig. 1. It was designed by 



Thomas Stevenson, 1 <1E«, of Edinburgh, in 
1866, and has since been slightly modified in 
detail. It is a wooden box, with double roof, 
and doubly louvred sides, supported on a 
wooden stand so that the thermometers are 
about 4 feet above the ground. One of the 
louvred sides is mounted on hinges along its 
lower edge, and acts as a door to give access 
to the thermometers, which are mounted on 
vertical wooden supports in the middle of 
the screen. The outer roof slopes down from 
front to back. The inner roof is separated 
from the outer by an inch or two ; it is hori- 
zontal, and is drilled with a number of ventilat- 
ing holes. The clear internal dime nsions of 
the screen are 18 inches long, 11 inches wide, 
15 inches high. This size accommodates 
comfortably the dry- and wet-bulb thermo- 
meters, and tho maximum and minimum 

1 Journ. Scott Met. Soc., 1800, i. 122. 
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thermometers. A screen twice as long as 
the standard screen is in nse at several official 
stations, to accommodate a thermograph and 
hair hygrograph in addition to the thermo- 
meters. The screen is set up so that the door 
faces due north, or slightly east of north, so 
as to ensure that direct solar radiation does 
not fall on the thermometers when the door 
is opened at the hours of observation. 

Numerous experiments have been made in 
different countries to determine how closely 
the readings of the thermometers ajDproximate 


consists in surrounding the bulb of the thermo- 
meter by a coaxial thin-metal tube heavily 
nickel-plated, which is protected by a larger 
coaxial tube similarly nickel - plated. A 
current of air is drawn by a fan through the 
inner tube and past the thermometer bulb, 
the velocity of the current being not less than 
2 metres per second. Such an arrangement 
can be used in strong sunshine without being 
affected by radiation, but, of course, it is 
desirable to avoid unnecessary exposure to 
direct sunshine. This arrangement has been 


to the true temperature of the external air, 
from which it appears that during calm, 
hot, sunny days the temperature inside the 
screen may be 2° or 3° F. above the true 
value, and during calm clear nights the 
temperature inside the ^ 

screen may be as much as 

a degree below the true D ^ v ill 1111.11111 jnT 
value. These results arise 

from radiation effects upon “-nHfflfflfflBlI 

the screen itself, which are : : m 

partially communicated to j -'j ||H 
the thermometers inside by ;; „J| : ; 3D 

the processes which have 'K" 70 |fli ; - aD 

already been explained. - ::M 

(vi;) Tropical Screens . — 

Owing to the intense solar ;i »fiH - ho 
radiation experienced in the : J |||fl '■u-® 

tropics, it has been held for 
a long time that the ordinary _ ; i’” 

Stevenson screen is unsuit- 'mm 

able for use in low lati- n 

tucles. The approved ar- ^ fjLiA 

rangement consists of a hut ^j|| 

with open sides and a |§| 

thatched roof sloping up- fir 

wards from low eaves to a TX 

point in the middle of the m 

roof. In the middle of the ^ 

hut, and fixed at a height Fig. 2. 

of about 4 feet above the 


Fig. 2. 


standardised to give an instrument which 
will indicate true temperatures of both dry 
and wet bulbs, which is known as the Assmann 
| psychrometer (see Fig . 2a). 

| Further particulars about 

| this instrument, and of the 

| method of use, will be 

| found in the article on 

0 . “Humidity.” 1 

Am § (7) Thermometers for 

Meteorological Pttr- 
poses, (i.) Dry- and Wet- 
bulb Thermometers . 2 - — The 
thermometers used in this 
country for eye readings 
If! ill of temperature (dry bulb) 

m] II in the Stevenson screen 

;lj || are mercurial thermometers 

1 1 1 1 1 ; with spherical bulbs of Jena 

I ! 1 1 » or other suitable glass, 

; ,1 ; graduated in Fahrenheit 

I e ||||i|| degrees from -15° F. to 

I! ||u 4- 115°F. They are mounted 

||1 ? ; on porcelain 

||| mounts upon 

JT , whole ten de- 
ll fi grees is plainly 

Fig 2a scale is not 

less contracted 


ground, is a wire cage containing the thermo- 
meters. The cage acts merely as a support 
and as a guard against accidental damage to 
the thermometers ; the whole of the screening 
is performed by the thatch. 

It seems reasonable to expect, however, 
that the thermometers inside the cage will 
be affected by indirect radiation from the 
hot ground outside the hut ; and, indeed, it 
is understood that recent experiments in India 
have suggested that the use of a Stevenson 
screen for observations of air temperature in 
India gives values which are more reliable than 
those from the orthodox thatched hut. 

There are several other types of screen in 
use in different countries, but they do not 
differ so markedly from the types described 
above as to require detailed particulars. 

§ (6) The Assmanx Psychrometer. — The 
standard method of measuring air temperature 


than 18° F. to the inch. The thermometer 
must pass the Class B test of the National 
Physical Laboratory, for which the errors 
must not in general exceed 0-2° F. 

The wet bulb is an exactly similar thermo- 
meter, over the bulb of which is . stretched 
tightly a thin covering of nainsook, which 
is kept moist by a few strands of cotton- 
wick attached to the bulb, and dipping into 
a small vessel containing pure water (see 
Fig. 2). 

(ii.) Maximum Thermometer . — The standard 
maximum thermometer is a mercurial ther- 
mometer very similar to that just described, 
except 

(а) The range is 0° F. to 130° F. 

(б) The porcelain mount is supported upon 
a mahogany frame, with a metal guard at 

1 See “ Humidity,’* §§ (7), (9). 

“ See 44 Humidity,” § (4). 
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one end to protect the bulb, which projects 
from the mount, from injury. 

(c) There is a fine constriction, or other 
equivalent arrangement at a point in the bore 
of the stem, near the bulb, which offers con- 
siderably more resistance to the flow of mercury 
than the remainder of the bore. When tem- 
perature is rising, and the column of mercury 
in the thermometer is continuous, the mercury 
is forced past the constriction and the end 
of 4 the column registers correctly the prevail- 
ing temperature ; but when temperature falls, 
the mercury column breaks at the constriction 
as soon as the mercury in the bulb contracts, 
but the further end of the column remains 
at a point corresponding with the highest 
temperature attained, for the contraction of 
the detached column itself due to the fall of 
temperature is quite inappreciable for meteoro- 
logical purposes. The thermometer therefore 
always indicates the highest temperature to 
which it has been subjected since it was last 
fiC set/ 5 Setting is performed by holding the 
instrument by the end of the wooden mount 
remote from the bulb, and vigorously swinging 
it at arm’s length so as to drive the mercury 
by centrifugal force past the constriction and 
into the bulb, until the whole volume of 
mercury is continuous again. A well-made 
maximum thermometer is a very satisfactory 
instrument and seldom gets out of order. It 
is usual to support the tube of the thermometer 
in a nearly horizontal position in the screen, 
with a slight slope downwards towards the 
bulb. 

(iiL) Minimum Thermometer . — The standard 
minimum thermometer is very similar in form 
to the maximum thermometer, but the liquid 
used in the thermometer is uncoloured alcohol, 
and the range of graduation is -20° F. to 
110° F. There is no constriction in the bore 
of the tube* but a black or dark blue glass 
index in the form of a long dumb-bell is in- 
serted in the bore, and is normally completely 
immersed in the alcohol. The tube being 
supported horizontally, the flow of alcohol 
produced by a rise of temperature passes the 
index without moving it. Likewise the return 
of the alcohol towards the bulb due to a fall 
of temperature has no effect upon the index 
until the end of the column, reaches the end 
of the index, when, in consequence of the 
surface tension at the free surface of the 
alcohol, any further decrease of temperature 
results in the withdrawal of the index towards 
the bulb, the further end being always at 
the end of the alcohol column so long as 
temperature continues to fall. 

The thermometer is read by noting the 
graduation on the scale which corresponds 
with the end of the index further from the 
bulb ; this reading will be the lowest tempera- 
ture attained since the instrument was last set. 


The necessity of placing a glass index in 
the bore of the tube requires the use of a 
considerably wider capillary for the stem of 
the thermometer than is needed for the maxi- 
mum or the dry- and wet- bulb thermometers. 
The openness of the scale is, however, the 
same, for, on the other hand, the coefficient 
of expansion of alcohol is nearly six times 
that of mercury. The increase in bore is 
therefore compensated to a considerable extent 
by the increased coefficient of expansion, 
the result being that the bulb of the minimum 
thermometer is not markedly different in 
size from that of a maximum thermometer ; 
generally the former is slightly the larger. 
Minimum thermometers are usually less 
sensitive to change of temperature than 
mercurial thermometers. 

The chief defect of the minimum thermo- 
meter consists in the great tendency of the 
alcohol to evaporate from the end of the 
column and to condense at the further end 
of the tube, where it may form a bubble of 
liquid equivalent in length to 3° or 4° F. of 
temperature on the thermometer scale. It is 
evident that this will cause the thermometer 
to read too low by an equal amount, resulting 
in the registration of correspondingly erroneous 
minimum temperatures. This tendency ap- 
pears to be most marked on days of consider- 
able range of temperature. Even if a bubble 
is not actually produced, a very thin film of 
alcohol is liable to be formed upon the internal 
walls of that part of the tube which is not 
occupied by the column of spirit, and this 
may introduce an error of nearly 1° F. in the 
reading. Mercury, being a non- volatile liquid 
which does not c< * wet ” glass, is much to be 
preferred on that account for use in thermo- 
meters. 

It is the practice among thermometer 
makers to seal alcohol minimum thermometers 
while their bulbs are immersed in a freezing 
mixture. In this way as much air as possible 
is included in the thermometer, for it is found 
that this air appreciably diminishes * the 
diffusion of alcohol vapour along the tube, 
and therefore tends to reduce the defect. 
A mercurial thermometer is, on the other 
hand, usually sealed when the bore of the 
tube is filled with mercury, that is, when the 
thermometer has attained the maximum 
temperature which, when sealed, it can 
withstand with safety. At lower temperatures 
therefore there is a vacuum in the tube above 
the mercury column. Thus,- at moderate 
temperatures the pressure inside a mercurial 
thermometer is less than atmospheric, while 
that inside an alcohol thermometer is greater 
than atmospheric. F. J. W. Whipple has 
suggested that the excess of pressure inside 
a spirit thermometer may in course of time 
slightly distend the bulb of the thermometer. 
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causing it to read too low. This would explain 
the circumstance that these thermometers 
are inclined to develop errors which require 
the application of positive corrections, even 
when care is taken that all the spirit in the 
thermometer is continuous in the column, 
and not condensed upon the walls of the tube 
above the column. 

The minimum thermometer is placed in 
the screen with its stem horizontal, and 
it is <c set ” daily by removing it and 
holding it bulb upwards, when the index 
descends by gravity until its further end 
coincides with the free end of the alcohol 
column. 

§ (8) Arrangement of the Thermometers 
inside the Screen. — As explained above, it 
is usual to place four thermometers inside a 
Stevenson screen, viz. dry -bulb, wet -bulb, 
maximum, and minimum thermometers. The 
first two thermometers are read with the 
stems vertical, while the last two are read with 
the stems horizontal. It is necessary to 
remove the first two from the screen only 
occasionally, whereas the maximum and 
minimum thermometers have to be removed 
daily for setting. Consequently the usual 
arrangement of the thermometers in the 
screen is to fix the dry and wet bulbs side 
by side towards the back of the screen, and 
to hang the maximum and minimum thermo- 
meters upon two vertical wooden battens 
fixed in the screen, forward and also to the 
side of the dry and wet bulbs, the maximum 
thermometer being near the top and the 
minimum near the bottom of the screen. In 
this way the scales of the dry and wet bulbs, 
between about 30° F. and 80° F., which is 
the portion most frequently required, fall 
between the mounts of the maximum and 
minimum thermometers, and are readily 
visible on opening the door of the screen. 
No difficulty in reading these thermometers, 
between these limits, without introducing 
errors of parallax, is experienced. 

§ (9) Thermographs, or Self-recording 
Thermometers. — A thermograph is an instru- 
ment which automatically records tempera- 
ture as a function of time. The sheet of paper 
upon which the record is obtained is wrapped 
around a metal cylinder, with axis vertical, 
which is caused to rotate uniformly by means 
of suitable clockwork. Some arrangement is 
provided whereby either a pen or a spot of 
light, which moves vertically up and down 
in response to changes of temperature, is 
caused to touch the paper and leave upon it 
a permanent impression. In this way a 
continuous record of temperature is obtained. 
Considerable variation is found in different 
instruments as regards the method of indicat- 
ing temperature change v it is this variation 
which gives rise to different types of thermo- 


graphs, which may be classified thus, according 
to the type of thermometer used : 


(i.) Mercury thermometer : 

(1) Photographic registration. 

(2) Mechanical registration. 


(ii.) Bimetallic thermometer 

(iii.) Bourdon tube 

(iv.) Resistance thermometer 


Mechanical 

registration. 


(i.) Mercurial thermographs , with photo- 
graphic registration, have been in continuous 
operation at Meteorological Office observa- 
tories since 1867, and are now in use at Kew, 
Eskdalemuir, Aberdeen, and Valencia ob- 
servatories. Each thermograph comprises two 
thermometers, one acting as a dry bulb, the 
other as a wet bulb. The glass tubes of the 
thermometers are bent twice at right angles 
to enable the bulbs to be exposed outside the 
building in a louvred thermometer screen 
fixed to a north wall of the observatory. 
Small air specks are left in the mercurial 
columns at convenient positions in the parts 
of the tubes which are inside the building. 
Light from two lamps is thrown upon the 
tubes by passing it through two condensers 
and reflecting it at two plane mirrors, the 
lamps and the tubes being at conjugate foci 
of the condensers. The whole of this light is 
intercepted by suitable screens except that 
which finds its way through the light specks, 
which passes on and is brought to a focus 
upon a piece of bromide paper fastened around 
the clock cylinder by means of suitable lenses 
placed in the paths of the beams. Matters 
are so arranged that the image of the speck 
in the wet-bulb thermometer falls on the 
paper vertically below that of the speck of 
the dry-bulb, so that corresponding portions 
of the two records are in vertical line. The 
lights are completely cut off automatically 
for four minutes once every two hours, so as 
to provide convenient “ time-marks ” whereby 
the records are easily tabulated. Each sheet 
lasts for forty-eight hours, when it is taken 
off and replaced by a new one. It is essential 
that the apparatus be installed in a dark 
room, and the record cannot be inspected 
and tabulated until it has been developed, 
fixed, washed, and dried. Although the 
photographic method is expensive and trouble^ 
some, the apparatus is well made and robust, 
and the method has the great advantage of 
being entirely frictionless — there is not even 
a pen pressing against the paper. Perhaps 
the most serious objection that can he brought 
against the method when used at an observa- 
tory is that it is impossible for an observer 
to watch the record being made ; he cannot, ' 
therefore, correlate, on the spot and at the 
time, corresponding changes of temperature 
and other meteorological phenomena. A 
minor objection is that the thermometers 



494 


METEOROLOGICAL INSTRUMENTS 


have large bulbs, thus rendering them, more 
sluggish than the thermometers in general use 
for meteorological purposes. The instrument 
is described in the Report of the Meteoro- 
logical Committee for 1867, 

A thermograph containing a mercurial 
thermometer arranged for mechanical registra- 
tion is on the market. The mercury is con- 
tained in a steel tube* which is connected by 
a flexible steel pipe to a steel box with a 
corrugated steel diaphragm. Increase of 
temperature is accompanied by an expansion 
of the mercury relatively to the steel, so that 
the diaphragm is pressed outwards, while 
decrease of temperature produces the opposite 
result. The motion of the diaphragm is 
magnified by a system of levers terminated 
either by an index hand moving over a 
circular dial, which is graduated to show 
temperature on the desired scale, or by a 
pen arm carrying a pen which writes upon a 
chart in the usual way. 

(ii.) The bimetallic thermograph is now in 
use at a fair number of stations in this country. 
It writes a visible record upon a chart which 
can be printed beforehand to indicate the 
time and temperature scales to which the 
instrument is adjusted. The thermometer is 
a long strip consisting of two pieces of brass 
and invar electrically welded together and 
coiled in the form of a spiral, the invar being 
on the outside and the brass on the inside of 
the coil. The coil is mounted upon a hori- 
zontal axis at the end of and outside the case 
of the instrument. One end of the coil is 
fixed to the case, through a fine adjustment 
screw, by which the pen can be set to agree 
with a standard thermometer ; the other end 
is connected through the horizontal axis to 
the arm which carries the pen {Fig. 3). When 



Fig. 3. 


temperature rises the end of the coil carrying 
lie pen arm causes the latter to move up- 
wards, and when temperature falls the arm 
loves downwards. Corresponding movements 


are therefore transmitted to the pen itself, 
which writes upon the sheet mounted upon 
the clock drum. 

A clamp for fixing the pen arm to the hori- 
zontal axis is provided at the pivot of the 
pen arm, by means of which the position of 
the pen upon the paper can be considerably 
varied. This is used when the seasonal 
change of temperature is more than can be 
accommodated upon the sheet. The instru- 
ment is small and portable, and in * careful 
hands gives excellent results. It has to be 
standardised by comparison with a standard 
thermometer, and when used to measure air 
temperature it should be exposed in a Steven- 
son screen. 

(iii.) The Bourdon tube thermograph is similar 
in general arrangement to the last type, but 
in this case the thermometer is a tube of thin 
metal, called a Bourdon tube, of which the 
transverse section is in the form of a very 
flat ellipse, and the longitudinal section is in 
the form of a quadrant of a circle. The tube 
is completely filled with alcohol. When 
temperature rises the alcohol expands and 
the volume of the tube increases. This 
increase produces a decrease in the curvature 
of the longitudinal section of the tube, so 
that if one end of the tube is rigidly attached 
to the case of the instrument, the other end 
moves relatively to the case, and this motion 
is magnified by a system of levers terminating 
with the pen arm which carries the pen. 
This instrument possesses the advantage over 
the bimetallic thermograph, that the tempera- 
ture scale value can be regulated to a nicety 
to suit the chart, whereas that adjustment 
is not provided on the bimetallic instrument. 
On the other hand, the Bourdon tube thermo- 
meter is much less sensitive to change of 
temperature than the bimetallic thermometer, 
and the absence of multiplying levers in the 
latter instrument is an advantage, because 
that tends to the elimination of friction. 

(iv.) Electrically recording thermographs are 
exemplified by the resistance thermometer 
used in conjunction with a Callendar electric 
recorder. The thermometer consists of a fine 
platinum wire wound round a mica frame 
which is protected by a glass or metal sheath. 
The electrical resistance of such a wire is 
connected with its temperature by a relation 
which is very nearly linear, so that the problem 
reduces itself to the recording of the resistance 
of the platinum wire. This is done in a very 
elegant and interesting manner by the Callendar 
Electrical Recorder, 1 which may be briefly 
described as a self-balancing and recording 
Wheatstone bridge, in which two of the resist- 
ance arms are equal to one another. 

In the figure, R and R are the equal resistances 
in the arms AB and AE of the Wheatstone bridge, 

1 See “Resistance Thermometers,” § (20), Vol. I. 
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which is shown diagrammatically in the usual manner, 
T represents the resistance thermometer, and S is a 
compensating resistance. CD is a resistance wire 
with a sliding galvanometer contact at X. If r he 
the resistance of CD per unit length, then CX . r and 


A 



XD . r are the resistances of CX and XD, and when 
the bridge is balanced 

R(S +CX . r) » R(T +XD . r). 

Thus T *«S + (CX - XD)r 

=S 4- (CD — 2XD)r 
= const. — 2 r , XD. 

In other words, the distance of X from 
either end of the wire CD is a measure of the 
resistance T, and therefore of the temperature. 
In the Callendar recorder the sliding contact 
at X is adjusted automatically to secure a 
balance, and the recording pen, being attached 
to X, produces a visible record of the tem- 
perature, 

III. Instruments for measuring 
Precipitation 

Precipitation may take the form of rain, 
snow, hail, sleet, dew, mist, or fog, but the 
first-named form, rain, is by far the most 
important in all except arctic and northern or 
southern continental climates, where snow 
becomes the main constituent at some, if not 
all, seasons of the year. 

§ (10) The Rain-gauge. — The instrument 
used to measure rainfall is the rain-gauge, 
with its graduated glass measure. The gauge 
consists of (a) a cylindrical metal vessel, 
(b) a funnel with a long delivery tube, the 
funnel being soldered or brazed inside another 
cylinder, open at both ends, which fits over 
the opening of the vessel, and (c) a glass or 
metal receiver placed inside the vessel to 
collect the rain which falls into the funnel 
and passes down the delivery pipe. If a 
glass receiver is used it is advisable to place 
it inside a metal receiver, which in turn rests 
on the bottom of the vessel. The cylinder 
into which the funnel is fixed is terminated at 
its upper end by a strong brass rim with a 
bevelied upper edge, so that the collecting 
area is bounded by what amounts practically 
to a circular knife edge, of which the radius 
must be made accurately to a standard size. 
Except for this rim, rain-gauges are usually 
made of strong sheet copper, which is very 


durable. Galvanised iron is, however, cheaper, 
and can be recommended, but it will not wear 
so well as copper. In this country the dia- 
meter of the brass rim of most gauges is 5 
inches, but there is a considerable number of 
gauges in use of which the diameter is 8 inches. 
An important feature of a good gauge is the 
deep side of the movable cylinder, between 
the lip of the gauge and the upper edge of 
the funnel, amounting to some 4 or 5 inches. 
This prevents splashing out of heavy rain, 
and also assists materially in retaining snow. 
The gauge is set up so that its rim is 1 foot 
above the ground, the cylindrical vessel being 
buried sufficiently in the ground to secure that. 

The cc Meteorological Office 55 pattern gauge 
is provided with a splayed base, as shown in 
the illustration (Fig. 5). The cylindrical vessel 
is in this case replaced by a vessel in the shape 



of a frustum of a cone surmounted by a short 
open cylinder. The advantage of this type 
is that, when fixed in the ground, the weight 
of part of the earth surrounding the frustum 
is carried upon the sloping side, and thus 
the gauge is firmly secured. It is found that 
cylindrical gauges invariably work loose in the 
ground as a result of the daily removal and 
replacement of the funnel in connection with 
the measurement of the collected rain. 

§ (11) The Rain Measure. — Rainfall is 
measured in terms of the depth of water which 
would be collected upon a level area of any 
size, supposing the rain to fall uniformly over 
the area at the rate at which it falls into the 
gauge. In a 5-inch diameter gauge, therefore, 
the water collected, if poured into a cylinder 
5 inches in diameter, would fill it to a depth 
which is taken as the measure of the fall. In 
order to secure accuracy of measurement to 
the hundredth of an inch or tenth of a milli- 
metre, and also for the sake of convenience, 
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a measure 5 inches in diameter is never used* 
but the collected rain is poured into a measure 
from 14 to 2 inches in. diameter, which is 
graduated in such a way that the rainfall is 
read off directly in the desired units. 

If R is the radius of the gauge, and P is the rain- 
fall, while r is the internal radius of the glass measure, 
all expressed in inches or in millimetres, then the 
distance p from the bottom of the measure, of the 
graduation corresponding with rainfall P, expressed 
in the same units as before, is given by 

7 rR 2 P=7rr 2 p, 

_R 2 


If R=4 inches, andr=l inch, then 33 = 16 P, so 
that half an inch of rain from an S-inch rain-gauge 
when measured in a glass 2 inches in internal diameter 
will fill it to a depth of 8 inches* It is therefore quite 
practicable to divide such a measure to show tenths 
and hundredths of an inch of rain up to half an inch, 
or in whole millimetres and tenths up to 10 milli- 
metres. It is obvious that a measure graduated to 
suit a particular size of gauge is unsuitable for another 
size, and it is therefore necessary to engrave on the 
measure the diameter of the gauge with which it 
should be used. Por example, 2 millimetres of rain 
in an 8-inch gauge will be shown as 2 x (8 2 /5 2 ) or 
5*1 mm* in a measure graduated to suit a 5-inch 
gauge. 

§ (12) Obsolete Rain-gauges. — The rain- 


on the roof of a building, causes the catch 
to be appreciably reduced. It has been 
shown that this is due to deflection of the air 
currents by the gauge itself, and by the build- 
ing, if any, so that the current, as it passes 
over the gauge, is resolved into a succession 
of eddies ; and, in consequence, rain which 
should properly be retained by the gauge is 
carried completely over it. This matter will 
be discussed more fully when considering the 
measurement of snowfall. 

(iii.) Rim to be Horizontal . — The rim of the 
gauge must be kept horizontal. When rain 
falls vertically the catch in a gauge which is 
not level will be that falling within the cylinder 
with vertical axis, of which the rim of the 
gauge is an oblique section. The normal 
section of this cylinder is an ellipse of which 
the major axis is equal to the diameter of the 
gauge ; consequently the area of the normal 
cross-section is less than that of the rim of the 
gauge, and the catch is reduced in proportion. 
If we neglect wind eddies round the gauge 
and assume that when rain and wind occur 
together the drops fall at a uniform oblique 
angle into the gauge, then it is easy to see 
that the amount collected represents the true 
fall at a point more or less distant on the 
windward side. Thus the rain collected at 
the gauge G (Fig. 6) would, under the assump- 


gauge described above is that usually known tion made, have 
as the Snowdon pattern. There are many originated from the 
other patterns which are officially regarded as cloud sheet at C. 
obsolete, although examples of them are still Had there been no 
to be found in use. They are not to be re- wind, this same 
commended, either because of some fault in rain would have 
design ( e.g . lack of the deep rim, causing the been exactly col- 
catch to be too low r on account of the out- lected in a similar 
splashing), or because of some weakness of gauge at G', since 
construction which unduly shortens the life the cross - section pXG. $ m 

of the gauge. of the cylinder 

§ (13) Various Precautions, Exposure, shown dotted at G' is equal to the cross-section 
etc. (i.) Evaporation . — The Snowdon rain- of the same cylinder at C, which again is equal 
gauge described above is so constructed that to the oblique section at G of the elliptical 
evaporation of the collected rain is negligible. cylinder CG. But, in. fact, rain does not descend 
The volume of the outer vessel below the in oblique straight lines when it is windy, but 
funnel, when the latter is in position, is eddy currents pass round and over the gauge 
practically shut off from the external air, with the result that some rain which belongs to 
the only connections being (1) along the the section at G is not collected in the gauge 
narrow and long delivery pipe, and (2) round at all, and the catch is too low. This difficulty 
the close-fitting sliding joint between the is especially marked in mountain and moor- 
lower vessel and the cylinder which supports land sites, and in such cases it is necessary 
the funnel. to select a more or less sheltered place for the 

(ii.) Height of Rim above Ground. — In this gauge, such as a natural depression in other- 
country rain-gauges are exposed with their wise generally level ground. Failing that, it 
rims 12 inches above the grounddevel. It is is usual either to construct an earthwork 
undesirable to set the rim flush with the around the gauge at a distance of about a 
surface of the ground since this would result yard, of which the top is level with the rim 
in the splashing into the gauge of rain which of the gauge ; or to provide a metal shield 
had fallen and rebounded from the ground around the gauge, such as the Nipher shield 
near the rim. On the other hand, increasing (see below, § (15)). 

the height of the gauge above ground-level, (iv.) Site of Gauge. — At ordinary stations 
especially if this is done by placing the gauge it is necessary for accurate results that the 
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gauge should be exposed in an open site so 
as to avoid the errors due to wind - eddies 
round buildings, trees, etc, ; and to secure 
this, it is sufficient that the distance of every 
object from the gauge should be not less than 
twice the height of the object. 

§ (14) Self-recorbixo Rain-gauges, — A 
large amount of ingenuity has been expended 
upon designs of instruments which will auto- 
matically record both the amount of rainfall 
and ^ the time at which the fall occurs. A 
considerable number of different kinds are in 
actual use, but it is doubtful if finality in the 
matter has been reached. Self-recording rain- 
gauges are usually divided into three types : 

(1) Tilting-bucket gauges. 

(2) Float-gauges. 

(3) Balance gauges 

(i.) Tilting-bucket Gauge . — In the tilting- 
bucket gauge the rain, as delivered from the 
funnel, is collected in one or other of two small 
elongated “ buckets,” one on each side of 
the arm of a balance. When one bucket 
is nearly filled (having collected a definite 
quantity of rain, say *01 inch) the side of the 
arm which carries it is automatically depressed 
by the weight of the collected rain, and the 
bucket is emptied. At the same time the 
other bucket comes into use as collector, and 
so the process goes on, the arm rocking like 
a see-saw for every *01 inch of rain 
that falls. The rocking is communicated to 
a pen lever and pen recording on a drum 
rotated by clockwork through a reversed 
escapement motion and a cc snail ” mounted 
on tlie axis of the escapement wheel. The 
pen, on reaching the top of the chart, falls 
automatically to the bottom again, since 
these two positions correspond with the points 
of the maximum and minimum radii of the 
snail, these radii being superimposed over 
one another. 

(ii.) Float-gauges . — In float-gauges the water 
is collected in a cylindrical vessel containing 
a light metal float, and the vertical motion 
of the float is communicated through a float- 
rod to the pen which records upon a clock 
drum in the usual way. It is obvious that 
the vertical motion of the pen is proportional 
to the rainfall. A continuous record is thus 
obtained instead of the step-by-step record 
of the tilting-bucket gauge. When the pen 
reaches the top of the chart, it is usually 
arranged that a siphon comes automatically 
into operation, which empties the vessel to 
such an extent that the pen fails to the base 
line of the record in a few seconds. The 
siphon then ceases to act and the record starts 
again from the base line. 

The automatic siphon is usually the weak feature 
of those instruments, and is frequently a continual 
source of trouble and failure. A plain siphon is 


sometimes used, but care in the selection of proper 
proportions, and of the proper diameter of the 
siphon, is necessary, otherwise the siphon will 
“ dribble,” i.e. fail to start fully at a definite time, 
and merely carry over the excess of water as it is 
collected. Dribbling may also occur at the conclu- 
sion of the siphoning process, if rain is falling suffi- 
ciently rapidly just to prevent air from entering at the 
bottom of the short leg of the siphon in sufficient 
quantity to stop the flow. Another defect of the 
automatic siphon is its liability to start for slightly 
different quantities of water in the collecting vessel. 
In any gauge of this type, rain which falls during 
the time the siphon is in action is not recorded, but 
unless the siphon empties the gauge at an abnormally 
slow rate, the resulting loss is negligible. 


r * 2 


(a) Messrs. 0. F. Casella & Cc., Ltd., and 
Messrs. Negretti & Zambra have, quite 
recently, and almost simultaneously, brought 
out new recording rain-gauges with cc plain ” 
siphons in the sense that there is no moving 
subsidiary device for fully starting the siphon 
at the right time. The two siphons present 
several interesting features. They differ from 
one another in some respects, but agree in 
that they are arranged with the long and short 
legs coaxial, the long delivery tube being inside 
the short leg, which is connected to the collect- 
ing vessel. The advantage of 
this arrangement is evident 
from the figure, which repre- 
sents a longitudinal central 
section of the knee or upper 
end of the siphon where the 
direction of flow of the water 
is reversed from an upward to 
a downward direction, and the 
water enters the long leg of the 
siphon. 

The outer tube AB (Fig. 7) 
represents the upper end of 
the short leg, and the inner Fig. 7. 
tube CD represents the upper 
end of the long leg. It is clear that if a is 
the radius of the tube CD, and d is the 
vertical clearance between the ends of the two 
tubes at the top, then d need not be greater 
than the value which is determined by the 
condition that fluid motion down CD is not 
throttled at the bend. In other words, d 
need not exceed the value given by 


2irad^= 7ra 2 9 


or 



That is, the necessary clearance is only one- 
quarter of the diameter of the inner tube. If 
that tube is § inch in diameter, the clearance 
required is only ^ inch, and is practically 
of capillary dimensions. This fact ensures 
that the starting of the siphon is a definite 
occurrence, for as water passes over the bend 
capillary action drives all air in front of it, 


2 k 
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and a full flow commences forthwith. Simi- 
larly, after siphoning, the first small quantities 
of air which are passed up the short limb 
immediately occupy the capillary space at 
the top, and effectively check the flow. The 
width of the annular space in the short limb 
inside the outer tube and outside the inner 
tube may clearly be still less than d, in so 
far as the condition of freedom from throttling 
of the flow is concerned, but it is much better 
not to reduce this distance to capillary dimen- 
sions, for this would mean that the level of 
water in the short limb would be higher 
than that in the collecting vessel by an 
amount which would be subject to variation 
according to the state of the tube as affecting 
surface tension. 

Other methods of overcoming the difficulties 
connected with plain automatic sijohons have 
been brought forward from time to time. 
These are embodied in different instruments, 
of which it will be sufficient to refer to the 
hyetograph, the Dines gauge, and the Fernley 
gauge. 

(6) In the hyetograph the automatic siphon 
is entirely dispensed with, and the float 
rises steadily until the collecting vessel is 
filled, the amount collected being equivalent 
to over 4 inches (about 100 mm.) of rain. 
The pen, instead of being mounted directly 
upon the float-rod, is supported on an arm 
pivoted to a fixed axis on the instrument. 
Projections on the side of the float-rod come 
successively into action by bearing against a 
cam mounted upon the pen arm. When the 
pen reaches the top of the chart, which occurs 
after £ an inch (or 10 mm.) of rain has been 
collected, the projection then in action auto- 
matically overruns the end of the cam, the 
pen arm falls until its motion is arrested, 
when the pen has returned to the base line 
of the chart, by the cam coming into contact 
with the next lower projection on the float- 
rod, which now takes up the control of the 
pen arm and pen. The hyetograph is a 
simple instrument, and it is reliable in action 
if care is taken to avoid friction between cam 
and projections. 

(c) The Dines recording rain-gauge is de- 
scribed by Mr. W. BL Dines, F.R.S., in the 
Meteorological Magazine for 1920, vol. Iv. p. 112. 
In this instrument the collecting vessel contain- 
ing the float is mounted upon one arm of the 
lever of a balance, and an adjustable counter- 
weight is placed on the other arm. When the 
required amount of rain (10 mm.) has been 
collected in the vessel, the pen has reached the 
top of the chart, the weight of the vessel and 
of the collected rain just overbalances the 
counter- weight, and the vessel descends a short 
distance, which is sufficient to depress the 
e< knee 53 of the siphon attached to the vessel 
to such an extent that it is completely and 


suddenly filled with water. The siphon is 
therefore started without dribbling or hesita- 
tion when the required quantity of rain has 
been collected. As the vessel is emptied, the 
counter- weight raises it to its initial position 
again. 

( d ) The Fernley recording rain-gauge was 
designed by J. Baxendell of the Southport 
Meteorological Observatory. It has an ex- 
ceptionally open rainfall scale, and was 
intended primarily for observatory use. The 
siphon is started by being “primed” by the 
sudden introduction of water near the bottom 
of the long limb at the required moment. 
The water used is a part of the last catch 
of rain in the collecting vessel, arrangements 
being made for it to be collected in a tipping- 
bucket, which is overturned through the 
agency of a cam attached to the float-rod 
and an intermediate trigger action. The satis- 
factory action of this instrument depends 
upon the proper performance of a series of 
motions, each one of which is consequential 
upon the previous one. 

(iii.) Balance Gauges . — In balance gauges 
the receiving vessel is suspended on one arm 
of a curved lever balance, or is floated in a 
mercury trough. As rain is collected the 
vessel is depressed in proportion to the 
quantity received, and the amount of depres- 
sion is communicated to a pen writing on a 
chart in the usual manner. When the requisite 
amount of water has been collected, corre- 
sponding with the rain scale of the chart, 
the vessel is emptied either by being auto- 
matically inverted or by the aid of a siphon. 
The large Casella gauge is perhaps the best- 
known form of the curved-lever balance gauge, 
and the Beckley gauge is representative of 
floating receiver gauges. 

In the Beckley gauge the neck of the 
receiver is much constricted, and a siphon is 
fixed to the receiver with its knee at the level 
of the narrowest part of the neck. This 
arrangement is effective in ensuring certain 
action of the siphon, for even in very light rain 
the rise of the water-level in the neck of the 
receiver, relative to the siphon, is appreciable, 
so that “ dribbling ” of the siphon is unlikely 
to occur. This method of starting a siphon is 
clearly inapplicable to float- gauges. 

§ (15) The Measurement oe Snowfall. — 
There are numerous difficulties connected 
with the measurement of snowfall, which 
render necessary the adoption of special pre- 
cautions. A large proportion of snow falls 
when the wind is blowing strongly , so that 
the snow in falling is carried by wind eddies 
around and over obstructions, and is also 
piled up in drifts. These two effects, if not 
guarded against, vitiate the two usual methods 
of measurement, viz. : (a) collection of the 
snow in a rain-gauge, and subsequent melting 
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and measurement as rain ; and ( b ) measure- 
ment of the depth of the fallen snow. It 
may , however, be noted that the measurement 
of the depth of the snow, even if satisfactorily 
performed, does not meet full requirements, 
for the density of recently fallen snow varies 
considerably according to the air temperature 
which prevails at the time, so that the factor 
of conversion to equivalent rainfall is not 
constant. The factor is, however, usually 
taken to be one-tenth or one-twelfth ; hence 
the convenient rule to meteorological observers 
- measure the depth of snow in centimetres 
(or feet), and convert to equivalent rainfall 
by calling centimetres millimetres, or feet 
inches, and retaining the numeric.’ 5 It is 
usual to reserve a level patch of ground for 
this purpose, and after each measurement to 
clear away the snow so that further falls can 
bo measured without ambiguity. 

There are also difficulties connected with 
the collection and subsequent melting of snow 
in a rain-gauge. If the wind is strong it 
eddies over the mouth of the gauge, so that 
most of the snow which would otherwise be 
collected is carried over the gauge, and the 
actual catch is an indeterminate fraction of 
the real fall. The wind may also remove from 
the funnel some snow which had been pre- 
viously collected there. 

Different expedients have been suggested 
for overcoming this difficulty. Nipher’s shield, 
which is perhaps the best known of these, 
will be briefly described, and a few remarks 
added as to the properties of the ideal shield. 

(i.) NipheVs Shield . — Nipher’s shield con- 
sists of a frustum of a cone fixed around the 
gauge with its wide end uppermost, and with 
its axis coincident with that of the gauge. 
There- is a clear space between the shield and 
the outside of the gauge, to allow the snow or 
rain which falls upon the inside of the shield 
to drop through to the ground. The shield 
is sufficiently far away from the rain-gauge 
to prevent rain which falls upon it from 
splashing into the gauge. The upper edge 
of the shield is fixed level with the rim of the 
gauge. The object of this arrangement is 
to prevent the formation of the usual wind 
eddy over the gauge and to replace it by an 
eddy which is formed at the upper edge of 
the external surface of the shield, and de- 
flected downwards by the shield. The follow- 
ing diagrams {Figs. 8 and 9) will explain this 
point. 

(ii.) The Ideal Shield . — The problem appears 
to be the following. It is required to provide 
such a shield as will ensure that the stream- 
lines of air above the gauge are as nearly as 
possible horizontal and free from eddies. For 
in such a current, snow, or any other form of 
precipitation, will fall with a uniform vertical 
component of velocity, which will be the same 


as that in still air, and the only difference 
will be that the precipitation will possess also 
a horizontal component of velocity corre- 



Fig* 8* Fig. 9. 


spending with that of the air. The quantity 
collected by the gauge will be correct, but 
it will have originated from a cloud somewhat 
to windward of the gauge. 

IV. Instruments for measuring- Wind 
Velocity and Direction 

(A) Wind Velocity 

§ (16) Introductory. — The instruments 
used for the measurement of wind velocity 
are of many kinds, and vary considerably in 
size and price. They may all be divided, 
however, into three main types. 

(а) Cup and Fan Anemometers . — Broadly 
speaking, these instruments measure the 
quantity of air passing them in an interval, 
expressed in miles or feet run of wind. 

(б) Pressure-tube Anemometers . ■ — -These in- 
struments depend upon the pressure effects 
produced by an air current in jyipes which 
are presented to the current in different ways. 

(c) Pressure-plate Anemometers . — In these 
instruments a plate of known dimensions is 
placed in the current normal to its direction. 
Either the force exercised by the wind upon 
the plate is measured, or the plate is hinged 
about its upper edge and swings freely from 
that edge, and the angle is measured by which 
the plate, being in equilibrium, is deflected 
out of the vertical by the wind pressure. 

In instruments of the first type the indica- 
tions scarcely depend at all upon the density 
of the air, but in instruments of the second 
and third types the density of the air occurs 
as a factor in the expression for the jnessure 
exerted by the wind upon the plate. The 
relation between wind pressure, density, and 
velocity has been proved experimentally to 
be satisfied by the equation 

p = Jcpv 2 , 

where 1c is a constant depending upon the 
instrument, p is wind pressure, and p is air 
density ; whence it follows that the wind 
velocity varies as the square root of the 
quotient of pressure and density. This fact 
needs to be borne in mind in considering 
anemometers for use at high elevations where 
the air density is appreciably less than at sea- 
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level. It is even more important in dealing 
with instruments, which are generally of the 
second type, for measuring the velocity of an 
aeroplane relative to the air. Since variations 
of air density depend mainly upon height 
above sea - level, the interpretation of the 
readings of such instruments depends upon 
the height at which the machine happens to 
be flying. 

§ (17) The Robinson Cup Anemometer. 
(i.) Description . — The cup anemometer con- 
sists of four hemispherical cups of thin metal 
attached in such a way to the ends of two 
horizontal arms, crossed at right angles to 
one another at their middle points, that the 
open cups face horizontally, and are in turn 
exposed to the wind as they rotate under the 
action of the wind about a vertical axis 
through the point of intersection of the arms. 
If two cups are mounted at the ends of a 
single horizontal arm which is free to rotate 
about a vertical axis at its middle point, the 
resultant pressure of the wind upon the cups 
is in general such as to cause rotation about 
the axis in the sense corresponding with a 
recession, from the direction from which the 
wind is blowing, of a cup which is open to . the 
wind. Thus in Fig. 10, if the long arrow 
represents the wind direction, then the wind 
pressure on cup B, which in the position 
shown is open to the wind, is greater than 
that on cup A, which is presented to the wind 



as a convex surface, and the arm will rotate 
in an anti- clockwise direction. If now the 
second arm, with its cups C and D, is added, 
we have similarly, for the position shown in 
Fig . 11 , that the pressure on C is greater than 
that on D, which again produces an anti- 
clockwise rotation. Hence the whole system 
will rotate in the same direction. Two cups 
on a single arm are not sufficient to give 
steady motion, because the torque or turning 
moment fluctuates considerably in the course 
of a rotation, being a maximum when the arm 
is at right angles to the wind direction and 
zero when the arm lies along the wind direction. 
Three cups are also inappropriate for similar 
reasons, but four cups are suitable for an 
anemometer, both from the point of view of 
nearly uniform torque during a revolution, 
and also because such an anemometer is well 
adapted to manufacture in a simple and 
strong design. 

Considerable attention has been devoted to 


the mathematical theory of the cup anemo- 
meter exposed in a steady wind-current, but 
the problem is too difficult for a complete 
solution to be obtained, and the most im- 
portant results of these attempts have been 
to suggest different forms of the mathematical 
relation which exists between the velocity 
of the wind and the corresponding speed of 
the cups, leaving the constants of the relation 
to be determined subsequently by experiment. 
The actual case is complicated still further 
by the fact that the natural wind is not a 
steady current, but one which is constantly 
fluctuating both in velocity and direction. 
The effect of fluctuation in velocity is generally 
to exaggerate the true average velocity of 
the wind, because of the inertia of the cup 
system, which is affected by the higher more 
than by the lower velocities. 

An account, with a discussion, of some of 
the theories of the Robinson anemometer, by 
E J. W. Whipple, has recently been published 
by H.M. Stationery Office as Reports and 
Memoranda , No . 669 , of the Advisory Committee 
for Aeronautics , and the following remarks 
are mainly based upon this paper. 

(ii.) The cc Factor ” of the Cup Aiiemometer . — 
Dr. Robinson’s original experiments at Armagh 
showed that the speed of the wind was ap- 
proximately three times the speed of the centres 
of the cups in their circular path, and this 
result was, until comparatively recently, 
assumed to be true for all sizes of cup anemo- 
meter, although experiments had been made 
by several investigators which did not sup- 
port it. It has now been shown, by ex- 
periments in a wind channel at the National 
Physical Laboratory, and by comparisons 
between a cup anemometer and a pressure- 
tube anemometer exposed side by side, that 
the ratio between the speed of the wind and 
the speed of the cuj>s, usually known as the 
factor ” of the anemometer, is not constant 
but varies with the wind speed, being greater 
at low than at high speeds. This variation 
is independent of frictional effects in the 
instrument itself, but the fact that it operates 
in the same direction as those effects led the 
early investigators to suppose that when due 
allowance had been made for friction the 
factor was constant at all speeds. It lias also 
been shown that anemometers of different 
sizes, as specified by the diameter of the cups 
and length of the arms, have different factors 
for the same wind speed, but it appears from 
the theory of dimensions that the factors of 
anemometers of similar dimensions (both as 
regards cups and arms) are proportional to 
the product wind speed x linear dimensions. 
A further result of experiment is that the 
variation of factor with speed is smaller 
according as the ratio of length of arm to dia- 
meter of cups is reduced ; and as a nearly 
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constant factor is obviously a convenience, 
it seems desirable to construct anemometers 
with short arms and large cups. Dr. Robin- 
son’s original experimental anemometer had 
3-inch cups on 5*36-inch arms, and his ob- 
servatory anemometer had P2 - inch cups 
and 23-inch arms. Dr. Robinson concluded 
that the same factor 3 was applicable to 
both. 

(iii.) The 66 Factor” of the Observatory Cup 
Anemometer . — The standard recording cup 
anemometers at British observatories, as 
arranged by Robert Beckley, have 9-inch 
cups and 24-inch arms ; for these the factor 
3 was assumed in official publications to be 
true until 1905, when the factor was changed 
to 2*2, on the recommendation of the Wind 
Force Committee of the Royal Meteorological 
Society, which was based on experiments by 


constant factor 2*2 gives therefore fairly good 
general agreement with fact. 

On the other hand, factor 3-0 gives results 
which are in general considerably in. excess of 
the true wind speed, especially at higher 
speeds where the percentage error is as much 
as 43 per cent. 

(iv.) The u Factor” of the Portable Cup 
Anemometer , — The anemometer referred to 
above as being of about one-third the linear 
dimensions of the Beckley anemometer is 
known in the Meteorological Office as the 
portable cup anemometer. It has 3-inch cups 
and 7|-inch arms. The factor of the instru- 
ment is taken to be 2*73, each mile run of 
wind corresponding with 500 revolutions of 
the cups. A test at the National Physical 
Laboratory of one of these instruments gave 
the following result : 


Portable Cup Anemometer (3-inch Cups, Tf-r nch Arms) 


Nominal wind speed (factor^ 
2-73) (m/s) j 

1 

2 

4 

6 

8 

10 

12 

14 

16 

18 

True wind speed (m/s) 

1*2 

2-3 

4-5 

6-4 

8-3 

9 9 

11-5 

13-0 

14-4 

15-8 

Error expressed as percentage \ 
of true wind speed J 

-17 

- 13 

-11 

— 6 

-4 

+ 1 

4-4 

+8 

4-11 

+ 14 


Mr. W. H, Dines. The accompanying table sets 
out the relation between wind speed in metres 
per second as tabulated on the basis of constant 
factors 2*2 and 3*0 and the probable true speed, 
together with the percentage errors thereby 
introduced. The probable true wind speeds 
of the table are deduced, as regards the higher 
speeds, from comparisons between Robinson 
and pressure - tube anemometers ; and as 
regards the lower speeds, by an application 
of the theory of dimensions, as referred to 
above, to experiments at the National Physical 
Laboratory on an instrument of about one- 
third the linear dimensions of the Beckley 
instrument. 


The nominal wind for factor 2*2 is there- 
fore correct at about 10 m/s or 22 mi/hr. 
For stronger winds the factor exaggerates the 
real speed ; for lighter winds it would appear 
to understate the true speeds. At low speeds, 
however, the comparison between the two 
types of instrument is not very reliable. The 


The portable cup anemometer is arranged 
to indicate the run of wind which has passed 
in any desired interval, by a simple system of 
gears, terminating in a counting mechanism 
similar to that used as a mileage indicator 
on the speedometer of a motor car, or (less 
satisfactorily) by a system of dials as on a 
gas-meter. By suitably arranging the gears 
and incorporating the value of the factor in 
them, the figures on the indicator wall represent 
miles — or kilometres — run of wind, so that 
average values of wind speed in miles per 
hour or kilometres per hour over a period 
can readily be obtained, by taking the differ- 
ence between the readings of the indicator at 


the beginning and end of the period and 
dividing that difference by the period ex- 
pressed in hours. 

(v.) The tc Factor ” of the Electrical Cup 
Anemometer . — The electrical cup anemometer 
— Meteorological Office pattern — has 3-inch 
cups and 4-inch arms, and the factor of the 


Observatory Ctjp Anemometer (9-inch Cups, 24-inch Arms) 


A 

Nominal wind speed (factor 2-2) (m/s) . 

1 

2 

4 

6 

8 

10 

12 

14 

B 

Nominal wind speed (factor 3-0) (m/s) . 

14 

2-7 

5-5 

8*2 

10*9 

13*6 

16-4 

19*1 

c 

Probable true wind speed (m/s) 

1*5 

2-7 

4-7 

6*5 

8-2 

9-9 

11-6 

13*4 

D 

Error of A from 0, expressed as a\ 
percentage of 0 j 

-33 

-26 

- 15 

-8 

-2 

+ 1 

+ 3 

+ 4 

E 

Error of B from C, expressed as a\ 
percentage of 0 J 

-0-7 

0 

+ 17 

+ 26 ; 

+ 33 

+37 

+41 

+ 43 
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instrument varies less than that of the 
portable cup anemometer, as the following 
table shows : 


The cups turn an electrical contact-maker, 
which completes a circuit once in every 
twenty - five revolutions of the cups. When 
sotting up the instrument for use the contact- 
maker is connected in series with a hell, or 
buzzer, a bell-push, a switch, and a 4-volt 
battery. When taking a reading the switch is 
closed, and the interval from, one contact to the 
next, or for ten contacts, is timed, and the 
corresponding wind speed is taken from a 
table which takes account of the variability 
of the factor at different speeds. 

(vi.) Recording Form of Cup Anemometer . — 
The cup anemometer is readily adapted to 
write on a sheet a permanent record, from 
which the run of the wind during any interval 
can bo measured. In the Robinson-Beckley 
instrument this is effected by gearing the 
cups to a cylinder upon which a complete turn 
of a projecting metal helix is mounted. The 
axis of this cylinder is parallel to that of 
another cylinder, which is rotated once in 
twenty-four hours by a clock. Upon the latter 
cylinder is mounted a piece of “ metallic ” 
paper which can bo changed every day, and 
the helix is lowered until it touches the paper. 
On the assumption that the factor of the 
anemometer is 3 the helix makes a complete 
revolution for every fifty miles run of wind. 
If the clock is not running such a revolution 
is indicated on the paper by a straight line 
parallel to the axes of the cylinders, and equal 
in length to the distance, measured parallel 
to the axes, between the ends of the helix. 
If, now, we suppose the clock to be started, 
it is plain that the record will consist of a 
line inclined to the line just described at an 
angle which varies with the speed of the wind, 
being smaller for strong winds and larger for 
light winds, a calm being shown hv a line at 
right angles to that above described, %.e. at 
right angles to the axes of the cylinders. If 
v io wind speed, and 0 is the angle referred 
to, then v -- k cot 0, where h is a constant 
depending on. the units in which v is measured 
and also upon the scale values of the chart. 
The wind .speed at any instant may therefore 


be determined approximately by measuring 
the angle between the base line of the chait 
and the tangent to the record at the point 


corresponding with the instant. The records, 
are, however, usually tabulated to show the 
run, expressed in miles, of wind which has 
passed the anemometer in periods centred at 
exact hours of Greenwich mean time. These 
figures are equivalent to the corresponding 
mean wind speeds expressed in miles per 
hour. As already explained, the instruments 
were made to suit factor 3, and the present 
practice in the Meteorological Office is to use 
a table to convert these figures to metres per 
second, and at the same time to reduce them 
in the ratio 11: 15, so as to change the factor 
from 3-0 to 2-2. A specimen record is repro- 
duced in Fig. 20. 

§ (18) The Fan Anemometer. — Similar 
in principle to the cup anemometer is the 
fan anemometer, or air-meter, which is like 
an ordinary wind-mill in construction. There 
is a light wheel comprising a number of spokes 
upon each of which is mounted a light vane 
set obliquely to the plane of the wheel. When 
the wheel faces the wind it rotates at a rate 
which is very nearly proportional to the speed 
of the wind. The wheel is connected by a 
worm-gear to an indicator dial, arranged like 
a gas-meter, whereby the u run ” of wind 
which lias passed the instrument can bo 
read, expressed in feet or other suitable unit 
of length. The mean velocity over any 
interval, say a minute, is obtained by reading 
the dials at the beginning and end of the 
interval and subtracting the readings, so as to 
obtain the “ run ” of wind during the interval. 
The readings are facilitated by the provision 
of a simple device for throwing the counting 
mechanism in or out of gear with the wheel. 

The indications of this instrument, like 
those of the Robinson cup anemometer, arc 
nearly independent of air density, so that no 
corrections are needed to the readings of 
instruments exposed on kite-balloons or other 
aircraft, or at mountain observatories. 

§ (19) Pressure -plate Anemometers. — 
In instruments of this type a plate is exposed 
normally (or nearly so) to the wind and the 
force exerted by the wind upon it is measured, 


Electric Cup Anemometer (3-in. Cups, 4-in. Arms) 


Wind speed appropriate to the \ 
constant factor 2*05 (m/s) j 

2 

4 

6 

8 

10 

12 

14 

10 

18 

20 

25 

True wind speed (m/s) . 


2*5 

4*5 

0*4- 

8*2 

10*0 

11*9 

13*6 

15*3 

17*1 

18*9 

23-4 

Error of speed as determined by*' 
the constant factor, expressed 
a 8 a percentage of the true wind 

sliced J 














-20 

- 11 

— 6 

— 2 

0 

+ 2 

+3 

+ 5 

+ 5 

+ 0 

-1-7 


The abnormally high percentage error at 2 m/s is to be ascribed to the e fleet of friction. 
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cither by means of springs controlling the 
motion of the plate, or by allowing the plate 
to be deflected from the vertical plane until 
it is in equilibrium under the action of the 
wind force and the weight of the plate. The 
latter principle is exemplified in the swinging- 
plate anemometer. 

(L) The S winging - plate Anemometer . — Al- 
though the design of this instrument is based 
on that of one of the first anemometers ever 
constructed the instrument in its modern 
form, as brought forward during the war, is 
a very useful and simple portable anemometer. 
It is illustrated in Fig . 12 . It consists merely 



Fia. 12. 


of a metal plate 5f inches long and 4-| inches 
wide, suspended on lmife-edges from one end 
to a light rectangular framework. The instru- 
ment is held facing the wind, the framework 
being vertical, and the plate assumes an 
equilibrium position at an angle from the 
vertical which depends upon the wind speed. 

A scale of miles per hour is engraved upon a 
curved piece under the lower edge of the 
plate, and indicates the wind speed, that 
reading being taken which is opposite the | 
edge of the plate. In the actual wind, which 
is made up of gusts and lulls in a continuous 
series, the plate is always oscillating, but in 
practice an observation extends over half-a- 
mi nu to or so, and it is easy to note either the 
mean position or the extreme positions of the 
plate during that interval, according to the 
character of the information required. 

The instrument is calibrated in a wind 
channel where the speed of the current is 
known, for although the wind force upon a 
plate can be computed under certain assump- 
tions as to the character of the flow, yet in 
practice these assumptions are liable to be 
departed from somewhat seriously, owing to 
sudden changes in the form of the stream 
lines at critical velocities. When the deflection 


of the plate exceeds about 30° the indications 
become unreliable. For the higher speeds it 
is found better to load the plate with bosses ” 
consisting of a pair of flat weights, one on 
each side of the plate, screwed together 
through a hole in the centre. If the bosses 
together weigh three times as much as the 
plate the total weight will be four times that 
of the unloaded plate, and as the centre of 
gravity is unchanged, the pressure required 
to produce a given deflection of the loaded 
plate will be four times that required for the 
same deflection of the unloaded plate. Since 
wind speed varies as the square root of wind 
pressure, the corresponding velocity will be 
twice that indicated by the same deflection 
of the unloaded plate. 

Referring to the illustration, the vertical 
framework upon which the swinging plate is 
mounted, and the curved plate upon which 
the scales are engraved, both fold into the 
box, and there is a lid, not shown, which 
closes the box when the instrument is carried. 
There is a spirit-level upon the box to indicate 
when it is level, and, therefore, wdien the 
framework is vertical. 

(ii.) Osier Pressure-plate Anemometer . — This 
is another anemometer which depends upon 
the pressure of wind upon a plate, and it was 
for many years regarded as the standard 
instrument for determining wind pressures. A 
vertical plate, 190 square inches in area, is held 
normal to the wand by mounting it upon a 
wind vane. The plate is forced forward by 
the wind against a series of springs which are 
arranged on its lee side, and the motion of 
the plate against the springs is communicated 
to a pencil which writes upon a travelling 
chart. The pressure scale of the chart is 
obtained by direct calibration of the springs. 

It is found, however, that this instrument 
gives wind pressures in excess of the correct 
amounts. A strong gust of wind produces a 
rapid motion of the pressure plate against the 
springs, and the inertia of the plate, which is, 
of necessity, considerable, carries it beyond 
the point appropriate to the true maximum 
I wind pressure. 

§ (20) The Dines Tube Anemometer . 1 (i.) 
Introductory . — The pressure-tube anemometer 
depends upon the principle that when an 
open tube is placed in a current of air there 
is produced inside the tube a pressure which 
differs from that outside, supposing the current 
stilled (commonly known as the tc static 
pressure) by an amount which is generally 
proportional to the square of the velocity of 
the current, and to the density of the air, i.&. 
p — p s = Jcpv 2 , 

where p is the pressure inside the tube, p s is 

1 See also C£ Priction/’ § (11)> Vol. I., dealing with 
the Pitot Tube. 
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the static pressure outside the tube, v is the 
velocity of the current, p is the density of 
the air, and k is a constant depending upon 
the shape of the tube and the manner of 
presentation of its opening to the direction 
of motion of the current. In certain cases 
h will also depend upon the velocity of the 
current, in the sense that at certain critical 
velocities a rapid change in the value of h 
may take place, due to a change in the shape 
of the stream lines of the air in the neighbour- 
hood of the opening. 

The shape of opening which corresponds 
with the maximum value of h is that of an 
open tube lying in the direction of the current, 

the open end 

> i ) directly facing the 

A B current. 

Txa 13. Thus if AB 

(Fig. 13) is a tube 
open at A and closed at B, and the current 
is blowing directly into the aperture, as shown 
by the arrow, then it has been shown experi- 
mentally that 

p—p*- 

h in this case being 4- Since represents 
the kinetic energy of the current, this equation 
means that such a tube completely converts 
the kinetic energy of a horizontal pencil of 
current, of which the cross-section is equal 
to that of the tube, into potential energy 
represented by a correspondingly increased 
pressure inside the tube. 

It has been found experimentally that 
there is a certain shape of opening which 
produces a value of h equal to zero. In this 
case p —Pa* and hence this shape enables 
us to make direct measurement of the static 
pressure of the current. 

The shape referred to is shown in Fig. 14. 
AB is a tube closed at both ends, but open at 

* — s 

A C B 

Pm. 14. 


C through a series of small holes. The current 
blows directly against the end A of the tube. 
The pressure inside the tube is then equal 
to the static pressure outside, and the arrange- 
ment is usually known as a “ static head,’ 5 
On the other hand, there are numerous 
shapes for which the value of h is negative. 
Common examples are the numerous forms 
of chimney cowls, ranging from a plain 
vertical pipe open at the upper end to the 
various complicated shapes associated with 
smoky chimneys where down draughts occur 
as the result of unfavourable eddy-motion 
over the chimney, due to obstructions in the 
neighbourhood. The particular shape of this 
kind which will be considered is that con- 


sisting of an annular space between two co- 
axial vertical tubes, which is connected to the 
outside air by rows of holes drilled horizon- 
tally round the circumference of the outer 
tube, as shown in Fig . 15. The current is 
supposed to blow horizontally past the tube. 
Provided the holes are drilled symmetrically 
round the tube, it is clear that the 
particular direction from which 
the wind blows is immaterial. 

Many experiments have been 
made at the National Physical 
Laboratory upon shapes of this 
type, and it has been shown 
that the value of k depends 
partly upon the number and 
size of holes in relation to the 
size of the outer tube and the width of the 
annular space. It also varies according to 
the presence or absence of a rain-shield, which 
is sometimes placed behind the holes to 
prevent rain water which has been driven 
through the holes from being carried down 
the annular space. For the standard shape of 
this kind the value of k is — .]> 

(ii. ) Description .— The tube anemometer 
consists of three portions : 

(1) The head and vane. 

(2) The connecting pipes. 

(3) The recorder. 

The head and vane contain two of the 
shapes described above, arranged for correct 
presentation to the wind. One of the shapes 
is mounted on the vane, the other is in the 
“ head ” which also serves to support the 
vane. The two shapes used are (1) the hori- 
zontal tube of the vane, open at the end 
which is facing the wind, and (2) the shape 
last described, consisting of a vertical annular 
tube connected to the outside air by a series 
of small circular holes drilled into the outer 
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Fid. 15. 



wall of the tube. The whole head and vane 
is arranged as shown in Fig. 16. Since the 
vane keeps the former shape properly facing 
the wind, it is clear that this arrangement 
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gives two pressures, each of which differs 
from the static pressure by small amounts 
which are proportional to the square of the 
velocity of the wind ; the two values of the 
constant h being + J and - £ respectively. 
The two openings are usually known as the 
pressure and suction openings, because the 
pressures produced by them are respectively 
greater and less than the static pressure. 

The two connecting pipes are usually 
compo tubes which convey these air pressures 
from the head and vane to the recorder. They 
can be of considerable lengths, up to 100 feet 
or more if desired, and can follow any con- 
venient route from the vane to the recorder. 
These properties of the connecting pipes 
constitute important advantages of the tube 
anemometer, for it becomes possible to mount 
the head and vane in a very exposed position, 
away from buildings or other local obstruc- 
tions, by placing them at the top of a mast 
or light girder steel tower, while the recorder 
can be in a building or hut at the foot of the 
tower. 

The recorder consists essentially of (1) 
a cylindrical tank containing liquid ; (2) an 
inverted bell-jar or “float” of sheet copper, 
which is placed in the liquid, and is capable 
of motion up and down under the influence 
of the 48 pressure ” and 44 suction ” conveyed 
by the compo pipes from the vane and head 
respectively to the inside and outside of the 
float ; a vertical rod fixed to the top of the 
float passes through a moderately close-fitting 
collar in the cover of the tank, and carries 
an arm bearing a crow-quill pen ; (3) a rotat- 
ing clock drum, upon which the vertical move- 
ments of the float, as communicated to the 
pen by the vertical rod, are recorded. It is 
clear that the combined effect of the excess 
air pressure inside the float and the diminished 
pressure outside it, as communicated by the 
compo pipes, both tend to raise the float by 
an amount which will depend upon the 
difference between these pressures, and there- 
fore upon the speed of the wind. 

There are two kinds of recorder in common 
use, viz. (a) the original Dines pattern, made 
by R. W. Munro, Ltd., and (6) H alii well’s 
modification of that pattern, as supplied in 
Negretti and Zambra’s ct anemobiagraph.” 
Sections of these two recorders are shown in 
Figs. 17 and 18. The most important con- 
sideration in the design of these recorders is 
the fact that, whereas a record of wind speed 
is required, the pressure difference between 
the inside and outside of the float is pro- 
portional to the square of that speed . Arrange- 
ments must therefore be made for the lift 
of the float above the position of equilibrium 
to be proportional to the square root of the 
difference of pressure in. the two connecting 
tubes. This is secured in the original Dines 


model in a very elegant manner by suitably 
fashioning the shape of the internal surface 
of the float, as shown in Fig. 17. In this 
model the float is subjected to no external 
mechanical forces whatever. It can be shown 
that if x and y are the co-ordinates of any 
point upon a median section of the internal 
surface of the float, measured from an origin 
at the centre of the uppermost cross section of 
the float, the axis of x being drawn vertically 



A, float rod, carrying pen ; BF, float ; E, inner 
surface of float ; D, clock drum ; P, pipe connecting 
to pressure ; S, pipe connecting to suction. 

downwards, and the axis of y being hori- 
zontal, then the equation to the median 
section is 

?/ 4 (/c -\- h — x) = /cc 4 , 

where k is a constant, h is the constant depth 
of water in the tank outside the float, and c 
is the internal radius of the float at the cross 
section through the origin. The surface is, 
therefore, a quartic hyperboloid of revolution. 
It is assumed that when floating in equilibrium 
with the pipes disconnected the water level 
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passes through the y axis, and that is arranged 
for in practice. 

In the Dines recorder the liquid used in 
the tank is pure water, which has the ad- 



vantage of being easy to i i eplenish, and the 
disadvantage of being subject to freezing in 
cold weather, with disastrous results to the 
float. 

In H alii well’s modification of the Dines 
recorder, an approximation to the same 
result is obtained by using a plain cylindrical 
float with a cylindrical protuberance round it 
to secure the necessary buoyancy, and con- 
straining its motion in a vertical direction 
by two coiled springs mounted upon the cover 
of the tank. Each spring is attached to the 
cover at one end and to the vertical spindle 
at the other (j Wig, 18). In the zero position 
of the float the springs are horizontal and 
under no tension, so that their effect is nil. 
At increasing velocities the float is raised, 
the springs are extended, and affect the motion 
of the float in two separate ways, (a) by the 
increase in tension due to extension of the 
springs, ( b ) by decrease of the angle between 
the direction of the springs and the float 
spindle. Each of these changes increases the 
vertical component of the force due to the 


springs, and it is clearly this component which 
is effective so far as the motion of the float 
is concerned. In this recorder the liquid used 
is a mixture of glycerine and water of a definite 
specific gravity. This mixture possesses the 
advantage of not freezing except at a very 
low temperature ; it has the disadvantage of 
not being easily replaced when necessary. It 
is to be noted, however, that the velocity 
scale value of the recorder does not depend 
at all upon the particular liquid used — the 
function of the special liquid is to balance 
the standard float at the zero position when 
the level of liquid is the same inside as out. 

It may, further, be noticed that in the 
Dines recorder the water level outside the 
float remains constant when the instrument 
is in operation, because the float is mechanically 
unconstrained in the vertical direction. On 
the other hand, the level of the liquid outside 
the float of the H alii well recorder rises as the 
wind velocity increases, because of the action 
of the springs, and the scale value of the record 
is correspondingly contracted. In both instru- 
ments the level of the liquid inside the float 
falls as the velocity increases— it is evident 
that the difference in levels inside and outside 
the float is that corresponding with the 
pressure difference in the air spaces above the 
free surfaces of the liquid. 

(iii.) Calibration . — The recorders must bo 
calibrated to suit (a) the differences of pressures 
at different velocities between the two connect- 
ing tubes, due to the openings at the upper 
ends of these tubes at the vane and head of 
the anemometer, (b) the condition already 
mentioned, that the vertical motion of the 
float for any velocity should be proportional 
to that velocity, and not to the square of the 
velocity, to which the pressure difference is 
proportional, and (c) the velocity scale value 
of the chart. The relation between pressure 
difference and wind speed, given by the 
standard head and vane, is 

W = -000731V 2 , 

where W is pressure difference measured in 
inches of water, and V is the speed in miles 
per hour. 

(iv.) Comparison of Records from Gup and 
Tube Anemometers . — Records of wind from 
tube anemometers are graphs showing wind 
velocity as ordinate and time as abscissa. 
The “ structure ” of the wind, i.c. the irregular 
succession of gusts and lulls, is also shown, 
and the record appears as a more or less 
broad band running across the sheet, indicat- 
ing at a glance the velocity limits between 
which the wind has oscillated. A reproduction 
of a record from a Dines anemometer is given 
in Fig . 19. 

If R = run of wind as measured by the 
Robinson anemometer, expressed, for example. 
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in miles, and t = time expressed in hours, the 
record of the Robinson - Beckley instrument 
is a relation between R and L 


Figs . 19 and 20 are reproductions of 

simultaneous records obtained at Holyhead 
from the pressure-tube anemometer and the 



Now if v is wind velocity, it is clear that 


dR 
dt " 


■ k cot 0 


cup anemometer there, which bear out these 
remarks. Wind-direction is also recorded by 
each instrument. 


in the notation used above, § (17) (vi.). Hence, 
theoretically, the record from the tube anemo- 
meter is a graph of the first differential co- 
efficient with respect to time of the Robinson 


record. Actually the median line of the broad 
band of the tube anemometer record is a 
close approximation to this theoretical result. 
The Robinson-Beekley instrument is ineffective 
for the study of wind structure. 


(B) Wind Direction 

§ (21) Wxxd-vaxes. — A wind- vane is an 
extremely simple instrument, but if it is to 
be used for scientific purposes, there are a 
few points to which careful 
attention must be paid. 
Thus — 

(а) The vane must turn 
upon its pivot with as little 
friction as possible. 

(б) It must be properly 
balanced about its pivot, 
especially in the fore-and- 
aft direction. 

(c) If it has to control 
an instrument for record- 
ing wind direction it should 
be designed so as to pro- 
duce the maximum torque, 
in relation to its weight, 
for a given change of wind 
direction. 

Condition (a) is secured 
by supporting the vane 
upon a hardened steel cup 
and a point or ball - bearing, arranged at 
the highest point of the fixed vertical 
support carrying the vane. The vertical 
sleeve attached to the vane, which serves 
to prevent it from falling from position on 
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its support, should be a loose fit over that 
support. 

Condition ( b ) is most important, for if a 
proper balance is not secured the vane 
acquires a permanent bias towards one direc- 
tion of the compass. For in practice it is 
impossible to maintain the support in an 
absolutely vertical position, and it slopes 
slightly forward, say, for example, towards 
the north. Then the vane will always tend 
to point towards the north or south according 
as the arrow end of the vane is too heavy or 
too light in comparison with the fin end of 
the vane, for the weight of the vane has a 
definite moment about the sloping axis of 
rotation in every other position. 

Condition (c) has received attention at 
various times. One of the methods of securing 
greater torque and steadiness which is in 
fairly common use is to use a splayed vane ; 
that is, the vane consists of two blades inclined 
at an angle of about 30° to each other, and 
arranged symmetrically about the direction 
of the arrow-head of the vane. While such 
an arrangement increases the torque, it is 
doubtful if greater steadiness is secured, for 
it is known that the conditions of flow behind 
such a vane will be unsteady because there 
will be a considerable wake behind the pocket 
of the splay which will consist of two series 







21. — Eddies in Walce of Splayed Vane. 


of eddies rotating in opposite directions 

{Fig. 21 ). 

A new vane has recently been designed in 
the Royal Aircraft Establishment, South 
Farnborough, which represents a considerable 
advance upon earlier models. The fin is 
entirely redesigned, its longest dimension being 
now vertical instead of horizontal, and it is 

situated at a con- 
siderable distance 
from the axis of 
rotation. In Fig. 22 
BC is the fin, A is 
a balancing weight, 
so that the centre 
of gravity passes 
through D where the 
hardened steel bear- 
ing is placed. EF is 
the loose sleeve, and G is the support upon 
which the vane turns. His a cross-section of 
the fin BC ; it is of aerofoil shape to secure 
steadiness in the wind. According to tests a,t 
Farnborough the torque or turning moment of 
this vane is about eight times as great as that of 
an ordinary vane of equal weight, and recent 



Fig. 22. — E.A.E. Pattern 
Wind-vane. 


experience of the vane, as adapted to wind 
direction recorders, shows that it is ex- 
tremely sensitive to changes of direction 
even when the wind is light and when the 
vane has to control the recorder some 40 feet 
below it. 

§ (22) Wind - direction Recorders, (i.) 
Introductory . — A large number of instruments 
have been designed to record the direction 
of the wind, and at first sight the problem 
appears to be quite a simple one. It is an 
easy matter to construct a wind-vane which 
will always indicate wind direction, and all 
that remains is to devise means of causing 
the vane to record its motion upon a suitable 
chart which is moved uniformly by clock- 
work. Difficulties, however, occur in the 
design of the recording apparatus, owing to 
the fact that the most convenient form of 
wind-direction chart shows all the points of 
the compass arranged in sequence from north 
through east, south, and west to north 
again. There are thus two north lines, one 
at the top and the other at the bottom of the 
chart, and provision is required for a dis- 
continuity in the record at the north point 
as the vane passes continuously through north. 
Thus in Fig. 23 the diagram of rectangles 
represents the usual form of wind-direction 
chart, the cardinal points being shown by 
horizontal lines and the hours of the day by 
vertical lines. A hypothetical record of wind 
direction starts at 9 h. {Fig. 23), with the 
wind between S. and W. The wind veers 
until, at about 10 h. 

20 m., the direction 
is north. The veer 
continues and the 
record reappears at 
the top of the chart, 
until at 12 h. the 
direction is south. 

The figure repre- 
sents matters as being much simpler than 
they are in reality, for in fact every wind- 
vane is continually oscillating, except when 
there is a calm, so that an actual record 
consists of a ragged band representing oscilla- 
tions about the mean direction. When the 
mean direction is north the record consists 
of two parts, one at the top, the other at the 
bottom of the sheet, corresponding with the 
two parts of the oscillation on either side of 
north. Reproductions of actual records are 
shown in Figs. 19, 20. 

It will be sufficient to mention some of 
the methods adopted for producing this result, 
as exemplified by the Baxendell recorder, 
the Beckley recorder, the Gasella recorder, the 
Munro-Rooker recorder, the Dines recorder, 
and the Halliwell recorder. 

(ii.) The Baxendell Ilecorder . — This instru- 
ment, designed by Mr. Joseph Baxendell, 



Fig. 23. 
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meteorologist to the Southport Corporation, 
is described in the Quarterly Journal of the 
Royal Meteorological Society, 1899, vol. xxv. p. 
326. The drum upon, which the chart is 
fixed has its axis vertical and is rotated by a 
spindle which turns with the vane. The 
chart is placed on the drum with the hour 
lines horizontal and the direction lines vertical, 
the two north lines on the chart falling one 
exactly above the other at the overlap. The 
recording pen is moved by clockwork at a 
uniform rate along a fixed vertical line. 

This is a vei'y simple and effective method 
of meeting the difficulty, but it is impossible 
to combine on the same chart as the direction 
record a record of wind velocity. 

(iii.) The Beckley Recorder . — In this instru- 
ment, which has stood the test of time at the 
-British observatories since 1867, the difficulty 
is surmounted in a simple and ingenious way. 
The drum carrying the chart is horizontal 
and is rotated by a clock, so that the hour 
lines are parallel to the axis of the drum, and 
the lines showing cardinal points become 
circles surrounding the drum. Above the 
drum is mounted a smaller solid brass cylinder 
of which the axis is parallel to that of the drum. 
The cylinder is connected with the wind- vane 
in such a way that it makes a complete 
revolution for one complete revolution of the 
vane. Upon the cylinder is coiled one com- 
plete turn of a thin metal helix, of such a 
pitch that the distance from one turn to the 
next, measured parallel to the axis of the 
cylinder, is equal to the distance between the 
two north lines of the chart. The chart is 
printed on specially prepared “ metallic ” 
paper, and is marked by pressure of the helix 
due to the weight of the cylinder upon which it 
is mounted. When adjusted so that the ends 
of the helix are vertically above the two north 
lines it is clear that this arrangement will 
give a record of wind direction of the required 
type. The chief objections to this instrument 
are — (1) the record has a somewhat blurred 
appearance, and (2) considerable friction must 
necessarily occur between the helix and the 
paper — otherwise the record would be in- 
visible — and to overcome this the vane has 
to be of the wind-mill type. Such a vane is 
very heavy and sluggish and subject to back- 
lash, and is therefore not adapted to meet 
modern demands. This instrument has, how- 
ever, given results of the greatest value, and 
owing to its substantial construction it is 
probable that modem instruments will be 
unable to compete with it on the score of 
durability. 

The instrument, with which is combined 
a velocity recorder of the cup type, so that 
the two records appear on the same sheet, is 
fully described in the Report of the Meteoro- 
logical Committee for 1867 . - 


A reproduction of a specimen record is 
shown (Fig. 20). 

(iv.) The Gasella Recorder. — In this instru- 
ment an endless cord passes tightly round two 
equal pulleys in the same plane. One of the 
pulleys is geared to the vertical spindle of 
the vane, so that corresponding angles turned 
through by vane and pulley are equal. The 
length of the cord is exactly three times the 
circumference of each pulley, and three pencils 
are mounted upon the cord at equal distances 
from one another. The width of the chart 
from north to north being equal to the circum- 
ference of each pulley, it is seen that a true 
record of wind direction is obtained by mount- 
ing the pulleys with cord and pencils in front 
of the chart, so that the axes of the pulleys 
are parallel to the two north lines in the 
two planes passing through those lines and 
perpendicular to the plane of the chart. The 
pencils are adjusted so that they touch the 
paper when passing between the pulleys on 
the side next the paper. It will be seen 
that if P x , P 2 , and P 3 are the pencils (Fig. 24), 
P x will leave the chart at the top of the sheet 
as P 2 comes on at the bottom, and 
conversely. ^ 

This design is interesting and £ 
simple, but the adjustment of the 
pencils is not very easy, and it is s ' 
impossible to use pens which will w " 
give an ink record. n 1 

The newer recorders are based 
upon the principle of the Beckley Fig. 24. 
recorder, in that helices of different 
kinds are used to convert angular motion into 
linear motion parallel to the axis of the 
angular motion. 

In order to overcome the blurring of the 
record as produced by the Beckley recorder, 
due to contact of the helix itself with the 
chart, the helix on the newer instruments acts 
as a cam to move a pen up and down the 
chart. By mounting the pen at the end of a 
pivoted arm which is controlled by the cam 
at a point between the pen and the pivot, a 
magnification of the motion of the helix is 
produced. In these instruments the difficulty 
referred to at the beginning of this section is 
much felt, and different devices for over- 
coming it are adopted, as now to be described. 

(v.) The Munro-Rooker Recorder . — In this 
instrnment the helix does not form quite a 
complete turn, about 3° of the angular motion 
round about the north points of the record 
being replaced by a steep cam connecting the 
upper and lower ends of the helix. The helix 
and the connecting cam are cut in the form 
of a channel into the surface of a cylinder, and 
a roller mounted upon a short stud projecting 
from the side of the pivoted arm referred to 
above runs in the channel. At the north 
point the arm, which is balanced about its 
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pivot, is rapidly forced by the connecting 
cam from top to bottom of the chart, or 
conversely. A simple arrangement is pro- 
vided for lifting the pen from the chart when 
the roller is travelling up or down the con- 
necting cam. 

(vi.) The Diyies Recorder . — Two pens, two 
helices* and two pivoted arms are used. Both 
pens are slightly out of balance, one so that 
it falls to the lower north line from the upper 
north line of the chart, when unconstrained 
by the helix, the other so that it is carried 
up from the lower to the upper north line in 
similar circumstances. One of the two pens 
is always at rest in its unconstrained position, 
and makes a 66 zero ” line on either the lower 
or upper north line. The use of two pens is 
a disadvantage from the operational point of 
view, but an advantage from the point of 
view of the finished record, because of the 
provision of a “ zero ” line which is inde- 
pendent of the ruling of the chart (see Fig . 19). 

(vii.) The Hcilliwell Recorder . — The chart of 
this instrument shows a complete revolution 
and a half of wind direction ; that is, starting 
from north at the top of the chart, we pass 
successively through east, south, west, north, 
east to south at the bottom. The helix, 
which, as in the Munro-Rooker instrument, is 
in the form of a channel, consists of a complete 
turn and a half to match the chart, and is 
provided with two vertical channels on 
opposite sides of the cylinder, connecting 
respectively the two points on the helix corre- 
sponding with north, and the two points 
corresponding with south. Arrangements are 
provided for the roller on the pen arm to 
drop down the former channel when it reaches 
the top of the helix, and to be forced up the 
latter when it reaches the bottom. In the 
new position there is ample space on the 
chart for any oscillations about north or 
south, without fear of the pen reaching the 
edge of the chart again. This instrument 
has the advantage of using only one pen. 

The last three types of instrument are 
easily adapted to work in conjunction with a 
tube anemometer so that the combined instru- 
ments may give records of wind speed and of 
wind direction on the same chart with a 
common time- scale. 

§ (23) Exposure of Anemometers. — The 
question of exposure is extremely important 
in anemometry. An anemometer can only 
measure the wind speed or wind direction 
which it actually experiences, consequently it 
is necessary to ensure that it is subject to a 
fair sample of the “wind conditions r 5 of the 
immediate locality. Anemometers fixed on 
the ground are intended to measure the wind 
at the surface, but it is impossible to take 
this expression too literally, for at the ground 
itself the speed must be zero and it increases 


rapidly with height. Apart from that diffi- 
culty, however, the measurement of wind 
near the ground is usually subject to effects 
of neighbouring objects which cause local 
eddies. In anemometry the local eddy is 
especially to be avoided, consequently it is 
desirable that the instrument be exposed from 
30 to 40 feet above the top of the highest 
neighbouring obstruction. If possible, a flat 
stretch of country should be selected as site 
for an anemometer, and the instrument should 
be exposed at the top of an open-work tower 
or of a pole 30 to 40 feet high. If an anemo- 
meter is set up in a place surrounded by trees 
it is found that an exposure 30 feet above 
the tree-tops is satisfactory, but it is to be 
observed that the eddies caused by tree-tops 
are likely to be much greater than those due 
to a flat ground surface, and are therefore 
likely to extend to a greater height above the 
tree -tops in the former case than above the 
ground in the latter. 

V. Instruments for recordings the 
Duration of Sunshine 

There are two types of sunshine recorder 
which have been in general use in this country, 
viz. the Campbell-Stokes sunshine recorder 
and the Jordan sunshine recorder. In 
neither instrument is there a clock, for ad- 
vantage is taken of the apparent motion of 
the sun to indicate time of day upon the 
records. 

§ (24) Camfb ell-Stok es S u n s h in k Re - 
c order, (i.) Description . — In the Campbell- 
Stokes sunshine recorder (Fig. 25) a homo- 



Frk 25. 


geneous glass sphere, 3 inches in diameter, is 
set concentrically within a brass bowl which 
forms part of a spherical shell. The bowl 
supports the card upon which the record is 
obtained in such a position that the sun's 
rays are always focussed upon it. A charred 
black mark is produced where the sun's image 
meets the card when the intensity of solar 
radiation is sufficiently strong. When the 
recorder is in correct- adjustment the image 
of the sun passes along the card during the 
course of the day, parallel to its edges. Owing 
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to the apparent motion of the sun in declina- 
tion during the year, the image of the sun 
is higher upon the bowl in winter than in 
summer, while at the equinoxes when the sun 
is in the celestial equator its image takes up 
a position midway between the extreme 
positions at the solstices. The planes through 
these extreme positions and the centre of 
the bowl make angles of 23i° with the equi- 
noctial plane or celestial equator. 

It is therefore found convenient to provide 
three overlapping slots to take three different 
kinds of card which are used at different 
seasons of the year, as follows : 


(ii.) The Adjustments of the Sunshine Re- 
corder . — Consideration of the matter will 
confirm the following conditions to which a 
recorder whieh is in accurate adjustment must 
conform : 

(а) The centres of the glass sphere and of 
the howl must be coincident. 

(б) The plane containing the central longi- 
tudinal line of the equinoctial card, when in 
position in the recorder, must pass through 
the centre of the glass sphere, or of the bowl, 
and must coincide with the celestial equator. 

(c) The vertical plane through the centre of 
the sphere which passes symmetrically through 
the bowl must coincide with the geographical 
meridian. 

( d ) The principal focal length of the glass 
sphere for heat rays must be equal to the 
radius of the bowl measured to the surface 
of the card when in position. 

( e ) When a card is in position the hour 
lines printed transversely across it must lie 
in meridians of the celestial sphere corre- 
sponding with hour angles of 15°, 30°, 45°, 
60°, etc., measured from the geographical 
meridian. The linear distance between con- 
secutive hour lines on the equinoctial card is 
therefore 

2tt __ it a 
24' a ~ 12’ 

where a is the radius of the bowl measured to 
the middle line of the equinoctial card. In 
particular, it follows that the line joining the 
points of intersection with the central longi- 
tudinal line of the card of the six-hour and 
eighteen-hour lines on the equinoctial card 


passes through the centre of the bowl, and is 
bisected at that point. 

Full information regarding methods of 
setting sunshine recorders is given in the 
Observer's Handbook of the Meteorological 
Office. They depend necessarily upon the 
adjustment of the recorder and fixing it to 
comply with the conditions (a), ( b ) and (c) 
above. Conditions ( d ) and (e) are to be 
observed by the maker of the instrument and 
of the record cards. 

(iii.) Effects of Errors of Adjustment or 
Manufacture. — It is important to determine in 
what manner and to what extent errors of 
adjustment or construction 
of the instrument affect the 
records obtained, and in what 
follows each of the possible 
errors will be considered in 
turn. 

(a) Error of Concentricity . — 
There are two cases for considera- 
tion: (a) Centre of sphere situated 
in tlie plane through the celestial 
equator, but displaced from its 
correct position in that plane. 

(/3) Centre of sphere in the line joining the centre 
of bowl to the celestial pole, but displaced from its 
correct position in that line. Any other case can 
be treated as a combination of these two. 

In case (a) the error in recorded duration varies 
in different parts of the scale. The general formula 
for the proportionate error at hour angle h , measured 
from south, is 

X 

- cos 3 cos (6 — h), 
a 

where a: is the (small) displacement of the centre 
in the equatorial plane, 6 is the angle between the 
direction of the displacement in that plane and the 
line drawn to the south, 8 is the sun’s declination, 
and a is the radius of the bowl. 

The error over an interval from hour angle /q 
to hour angle /q will be 

24x f h a 

- — cos 8 . / cos (0 — h) . dh hours, 

™ Jh, 

48# * /„ hn + 7q\ . ho— /q - 

or — cos o cos ( 6 — a * \ sin ± hours. 

7 ra \ 2 / 2 

The burn will be in correct position at the equinoxes, 
but it will be slightly displaced and not parallel 
to the central white line of the card at other times. 

It follows from the above formula that the error 
is numerically greatest in those parts of the scale 
where the line joining the displaced centre to the 
true centre meets the card, and zero in the direction 
at right angles thereto. The recorded duration will 
be exaggerated on the whole if the displaced centre 
is south of the true centre, and it will be reduced 
if the displaced centre is north of the true centre. 
Thus a displacement of 0*1 inch of the centre towards 
south will increase a twelve-hour sunshine record at 
the equinoxes by -53 hour, since a is 2*86 inches in 
the standard instrument. 


Description of Card. 

Position in 
Bowl. 

Period of Use. 

Long curved or summer . 
Short curved or winter 

Medium, straight, or"\ 
equinoctial J 

Bottom slot 

Top slot 

Middle slot 

13th April to 31st Aug. 

13th Oct. to end of Feb. 

f 1st March to 12th ApriJ 

A and 1st Sept, to 12th 
\ Oct. 
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In case (jS), where the displacement of the centre 
is along the polar axis/ the proportionate error 
is nil upon the equinoctial card, and it will be 
+ [x sin a/a cos (3- a)} on the summer card and 
— {x sin a/a cos (5- a)} on the winter card, where x 
is the amount of the displacement measured up- 
wards, and a is the semi-vertical angle of the cones 
of which the summer and winter cards, when in 
position, are frusta. For the standard instrument, 
a = 16°, so that the effect of a displacement of 
0-1 inch of the centre along the polar axis introduces 
an error per hour of summer or winter record of 

0*1 sin a 
~~ 2-86 cos (3- a) 

which is numerically about $• minute for all possible 
values of 3. In case (/3) the burn remains parallel to 
the edges of the card, but it is displaced parallel to 
itself by a distance x on the equinoctial card, and a 
distance x cos 3 sec (a - 3) on the summer and winter 
cards ; so that there is a risk of records being lost 
owing to burns falling on the frame. 

(6) Latitude, and Level Errors . — If the plane passing 
through the longitudinal median line (central white 
line) of the equinoctial card and the centre of the 
bowl does not coincide with the celestial equator, 
the apparent displacement of the pole of the plane 
can be resolved into two parts : one, d\ , along the 
geographical meridian ; the other, di, at right angles 
to the meridian. „It can be shown that the cor- 
responding errors, dh x and dh %J in the times indicated 
by the recorder, expressed in angular measure at 
the rate of 1° to 4 minutes of time, are given by j 

dh x ™ d\ . tan 3 sin h, 

dh % ~di (cos X -f~ sin X tan 8 cos h), 

where h is hour angle measured from noon, 5 is 
sun’s declination, X is latitude, and d\ and di are so 
small that their squares and higher powers can be 
neglected. dh x vanishes at noon and also at the 
equinoxes. It has numerical maxima at sunrise or 
sunset and at the solstices. Thus if d\ = 2°, 8 = 234°, 

90° (i,e. 6 a.m. or 6 p.m. local time), dh x is 
nearly equivalent to 4 minutes of time, which is the 
error in the recorded duration from noon to 6 p.m. 

For a given latitude, dh% has numerical minima at 
the equinoxes and at 6 a.m. and 6 p.m., and maxima 
at noon and at the solstices. If di = 2°, X = 55°, 
3=23|°, and & = Q° (ue. at noon), dh 2 is equivalent 
to 7J minutes of time. The recorded duration of 
continuous sunshine from 6 a.m. to 6 p.m. will not be 
affected by this error. 

The error d\ affects the curvature of the record, 
the burns appearing slightly curved upon the 
equinoctial card and not parallel to the edges of 
the summer and winter cards. 

The error di does not affect appreciably the cur- 
vature of the records, but it causes a burn to cross 
its true position at an angle equal to di sin X sec 3. 
When di = 2°, X = 55°, and 3=0°, this angle is 1-6°. 

In both cases there is risk of the burns pass- 
ing off the edges of the card, resulting in loss of 
record. 

(c) Meridian Error . — If the vertical plane through 
the centre of the sphere which passes symmetrically 
through the bowl does not coincide with the geo- 
graphical meridian, but makes a small angle dip 
with it, then the recorded duration is correct, but 


the bums are not parallel to the edges of the card. 
The angle between the actual and true course of 
a burn is d<p cos X sec 3. If = X — 55°, and 
3=231°, this angle is 1|°. The indicated time is 
incorrect by an amount equal to (I2.dcp)/Tr hours. 
When dep^ 2°, this is 8 minutes of time. As before, 
there is a risk of loss of record, especially near 
the times when a new type of card is taken 
into use. 

(d) Error in Focal Length . — If the principal focal 
length of the glass sphere for heat rays is not equal 
to the radius of the bowl, the image of the sun will 
be imperfectly focussed upon the card, and the 
resulting burn will be thicker than is necessary. 
Further, the focussed heat will be distributed over 
the enlarged image, and when radiation is feeble, 
as near sunrise and sunset, some record will, in 
consequence, be lost. 

(e.) Errors in Record Cards .— Errors of printing 
the cards, so that the scale value is incorrectly 
adjusted to suit the diameter of the bowl, as required 
by condition (e), are obviously important. A 
contracted scale value will lead to excessive records 
of duration of sunshine. Similarly, a bowl of which 
the diameter is greater than the standard, if used 
with standard cards, will indicate too much sunshine, 
and vice versa . The recorded duration in these 
cases bears to the true duration the same ratio as 
the actual diameter of the howl bears to the diameter 
of that bowl which is appropriate to the card, as 
defined under paragraph (c) above. 

(iv.) The Record Cards .— The cards upon 
which the records are obtained should be 
made of a standard substance, in order that 
different records may be comparable. The 
surface of the card must be printed in a 
colour which absorbs heat radiation ; a white 
surface is ineffective, because it reflects most 
of the heat. It appears from experiments 
made that there is little, if any, difference 
between records obtained from cards of 
different colours. Black would be the best 
colour for the purpose, but it would be in- 
convenient because the burns are necessarily 
black. Prussian blue has accordingly been 
adopted for use in the British Isles, and, 
generally, in the British dominions and 
colonies. This colour gives a good contrast 
with black, and it absorbs freely the red 
and infra-red rays which are principally 
concerned. A grey tint is used in the 
Netherlands. 

It will be seen from the above discussion 
that the sunshine recorder is an instrument 
which is liable to a large number of errors, 
some of which may bt3 due to the instrument 
itself, or the cards used with it, while the 
remainder are due to faulty adjustment. 

(v.) The measurement of the records produced 
by the Campbell-Stokcs sunshine recorder is 
not free from difficulty. The image of the 
sun which is produced upon the card by the 
glass sphere is not “ sharp,” but has a certain 
area with an indefinite edge, and the charring 
which takes place when the sun shines occurs 
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throughout this area and also spreads a little 
around it, especially when radiation is intense. 
Thus the length of the burn, as indicated by 
the time scale of the card, will be slightly in 
excess of the actual duration of sunshine, 
especially when the record is made up of a 
number of short bursts of strong sunshine 
separated by intervals of heavy cloud. Some 
allowance is therefore made for the “ spread- 
ing of the bum ” when measuring the records. 
On the^ other hand, at sunrise and sunset 
the radiation is always feeble because of the 
absorption in the long path of atmosphere 
through which it has then to pass, and the 
area of the bum is reduced to unusually small 
dimensions in the centre of the image. In 
this case it is usual to measure to the 
extreme limit of the bum, “ as far as 
it can fairly be seen.” The Observer's 
Handbook should be consulted for further 
particulars. 

§ (25) The Jordan Sunshine Recorder. — 
This instrument consists essentially of a metal 
camera with a slit through which the sun’s 
rays are admitted. The wall of the camera 
is cylindrical, and the record is obtained on. 
a piece of light-sensitive paper of the ferro- 
prussiate type, which is arranged around the 
inner cylindrical wall, in such a position that 
the sun’s rays pass along it throughout the 
day. In a later form there are two cameras 
and two slits, one for the morning, the other 
for the afternoon record. 

This instrument is not recommended 
officially, but it is interesting as depending 
upon the actinic rays of the spectrum (violet 
and ultra-violet), whereas the Campbell- 
Stokes recorder uses the heat rays in the red 
and infra-red portion of the spectrum. 

§ (26) The Night-sky Recorder . 1 — The 
sunshine recorder, by giving information as 
to the duration of sunshine, is useful also as 
indicating the amount of cloud during the 
day hours. The corresponding indication 
during the night hours is afforded by the use 
of a camera which is fixed with the axis of the 
lens pointing to the celestial pole. The 
shutter being opened at night when the sun 
is 10° below the horizon, and closed in the 
morning when the sun is again 10° below the 
horizon, an impression is left on the plate 
of the images of Polaris and d Ursae Minoris 
and other neighbouring stars for such time as 
they are not obscured by cloud. The images 
are, of course, in the form of circles centred 
at the image of the celestial' pole. This 
instrument is now in continuous operation 
at Greenwich Observatory, and the measure- 
ments of the time during which the two 
stars mentioned are recorded as shining are 
published each day in the Daily Weather 
Report 

3 Q.JR, Met. Soc . xlvi. 243. 


VI. Instruments for, measuring Solar 
Radiation 2 

A measurement of the duration of sunshine 
is obtained by the Campbell-Stokes sunshine 
recorder, but this instrument gives practically 
no indication of the intensity of the solar 
radiation received throughout the day or 
from one day to another. The intensity of 
solar radiation is a matter of prime concern, 
not only to meteorologists, but to the whole 
human race, yet there are very few instru- 
ments which can claim to measure this 
quantity with any accuracy. Such instru- 
ments are usually somewhat easily deranged 
and also expensive. 

§ (27) Black-bulb /a Vacuo. — The com- 
monest instrument used in this connection 
is the black-bulb thermometer in vacuo . 
This consists of a mercurial maximum thermo- 
meter with its bulb coated with lampblack, 
mounted inside a glass protecting sheath from 
which the air has been exhausted. The instru- 
ment is exposed in the open to the sun’s rays, 
which are readily absorbed by the lampblack, 
and converted into heat, which is indicated 
by a high reading of the thermometer. The 
purpose of the sheath is twofold : first, to 
protect the lampblack from the weather ; 
and secondly, to help provide an insulating 
vacuum which reduces the conduction of heat 
from the thermometer* by wind or rain. It is 
usual to assume that the difference between 
the day’s maxima of temperature of the 
black-bulbed thermometer and of a thermo- 
meter in the screen is a measure of the maxi- 
mum solar radiation for the day, and this 
general statement is probably an approxima- 
tion to the truth, provided that all black-bulb 
temperatures are obtained from a single 
thermometer. The difficulty in the use of 
this method is that readings of different 
black-bulb thermometers, when exposed side 
by 3ide, may differ considerably from one 
another, so that the measure of radiation 
obtained in this way is expressed in different 
units according to the particular black-bulb 
thermometer in use. The variation appears 
to be due to slight differences in the dimensions 
of the thermometers, in the quality of the 
vacuum, and in the character and thickness 
of the black coating. Considerable numbers 
of these thermometers are in use. 

§ (28) Angstrom Compensating Pyrhelio- 
meter. — The instrument for the measurement 
of solar radiation, which has been adopted as 
standard by the International Meteorological 
Congress (Innsbruck, 1905), and by the Inter- 
national Union for Co-operation in Solar 
Research (Oxford, 1905), is the Angstrom 

2 See also “ Radiant Heat and its Spectrum Dis- 
tribution “ Radiation £C Radiation, Measurement 
of Solar, etc.**’ 
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pyrheliometer. In. this instrument, solar radia- 
tion is received alternately on two thin strips 
of metal, coated with black- To the back of 
each strip is attached a sensitive thermo- 
junction, and the two junctions are connected 
together through a sensitive galvanometer. 
The junctions are electrically insulated from 
the strips, but are placed so close to them that 
they take up their temperatures. An electric 
current can be passed through either strip 
as desired- To make an observation, one of 
the strips is exposed to solar radiation, and a 
current is passed through the other (which is 
then shielded from radiation), the current 
being adjusted so that the temperatures of 
the strips are equal, as indicated by absence 
of deflection of the galvanometer. The 
current is varied by means of a rheostat and 
measured by a milliamperemeter. Assuming 
that the solar energy received by the exposed 
strip is equal to the electrical energy com- 
municated to the other, it is easy to determine 
the former in terms of the measured strength 
of the current and the constants of the strips 
(viz. dimensions, absorbing power of blackened 
surface, and resistance per unit length). 

§ (29) Other, Absolute Pyrkeliometers. 1 
— Abbott and Fowl© have also constructed 
absolute pyrheliometers of different designs, 
which have been employed in a number of 
important investigations. 

§ (30) Silver-disc a: nd Michelson Pyr- 
iieliometers. — Accurate, but not absolute 
instruments for determining the intensity of 
solar radiation are the silver-disc pyrhelio- 
meter and the Michelson pyrheliometer. In 
both of these instruments solar radiation is 
absorbed by a receiving surface, and the 
increase in temperature of that surface is 
suitably measured. These instruments need 
to be standardised by comparison with 
absolute instruments before the readings can 
be expressed in absolute units. 

§ (31) Callendar Radiation Recorder. — 
As usually constructed this instrument gives 
a continuous record, with the assistance of a 
Callendar electric recorder, of the vertical 
component of radiation received from sun 
and sky. The receiver consists of two resist- 
ance wires coiled on a horizontal mica frame 
placed inside a small glass bulb, one wire 
being bright and the other black- The 
recorder measures , and records simply the 
difference of temperature between the coils. 
Each receiver is calibrated before issue, so 
that the chart upon which the record is 
obtained can be ruled to show absolute values 
in watts per square centimetre. 

For information regarding other instruments, 
past and present, for measuring solar radiation, 
a paper by R. S. Whipple, in the Transactions 

1 See also <c Radiant Heat and its Spectrum Dis- 
tribution/" 


of the Optical Society , London, 1915, should 
be consulted. 

§ (32) Ether Differential Radiometer. 
— This is an instrument recently designed by 
W. H. Dines, F.R.S. 3 The purpose of the 
instrument is to determine the radiation from 
the sky by finding the temperature of a full 
radiator which produces the same radiation 
effect upon the instrument as the actual 
radiation from the sky. The instrument 
consists of an ether differential thermometer, 
one bulb of which is exposed to the sky, and 
the other to a source of heat or cold, which 
is radiating fully, of which the temperature 
is measured. When a balance is secured the 
temperature of the radiating source is the 
cc equivalent radiative temperature ” of the 
sky. At night the mean radiative tempera- 
ture is stated to vary in England from about 
- 20° F. in winter to about +15° F, in summer 
on clear nights. In order to overcome the 
practical difficulty of providing radiators at 
these low temperatures there is an arrange- 
ment whereby the bulb, which is normally 
exposed to the sky, is only partially so exposed, 
the remainder of the bulb receiving radiation 
from a warm source which is provided. The 
combination of cold and warm radiations upon 
this bulb can be balanced by a radiation upon 
the other bulb which is derived from a source 
of intermediate temperature. The apparatus 
is arranged so that the calculation of the 
equivalent radiative temperature of the sky 
can be performed without difficulty with the 
aid of tables. 

VII. Instruments for determining the 
Motion of Clouds 

§ (33) Nefhoscopes. — Information regard- 
ing the direction of motion and speed of 
clouds is regularly obtained at meteorological 
observatories, and to secure this some form 
of nephoscope is used. Nephoscopes are of 
two kinds — (a) direct vision, and (6) reflection 
instruments. In the former the observer 
watches directly a definite cloud, choosing 
the cloud so that he can conveniently interpose 
the indicating part of the nephoscope between 
his eye and the cloud ; in the latter a mirror 
is ruled and divided to provide the indicating 
part of the instrument, and the observer 
watches the image of a cloud pass across the 
mirror. 

(i.) Besson and Fineman N ephoscopes. — In 
this country two types of nephoscope are in 
general use, one of each of the above kinds. 
They are the Besson comb nephoscope (direct- 
vision instrument) and the Fineman nepho- 
scope (reflection instrument). For details 
The Observers 5 Handbook , published by H.M. 
Stationery Office, should be consulted. 

2 Q.JM . Met . 8 'oc. xlvi. 399. 
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Nephoscoxies enable an observer to deter- 
mine the direction of motion of the cloud, 
but no nephoscope can of itself permit an 
observer to determine the absolute speed of 
the cloud ; all that is possible in the absence 
of further information is a determination of 
the ratio between the speed and the height 
of the cloud, i.e. the angular velocity of the 
cloud about a point on the ground vertically 
below it. 

(ii.) Principle of Nephoscopes . — The prin- 
ciple of the nephoscopes is the same, and may 
be briefly stated thus. Five points in space 
are considered (Fig. 26) ; two (A and B) 
a represent the two positions 

at the same height of the 
cloud under observation at 
the beginning and end of a 
convenient interval of time, 
a third (C) is a fixed point, 
while the fourth and fifth 
(D and E) are points in a 
horizontal plane near C, 
and at a known vertical 
distance from C, lying in the two lines CA 
and CB. Since AB is also horizontal it is 
clear that DE is parallel to AB. Further, if 
h is the height of the cloud above C, and \ 
is the vertical distance of the horizontal plane 
containing D and E from C, then 



AB _ DE 
h ~~ h 0 ’ 

Thus DE is the direction of motion of the 
cloud, and since the length AB, in conjunc- 
tion with the time taken by the cloud to pass 
from A to B, measures the speed of the cloud, 
the above equation gives the speed-height- 
ratio in terms of the speed along DE and the 
known quantity h 0 . DE is in the indicating 
part of the instrument, and the direction of 
DE, and the speed along DE, are both measure- 
able with the help of the instrument and a 
stop-watch. It will be seen that if h, the height 
of the cloud, is otherwise known, the absolute 
value of the speed of the cloud can be deter- 
mined. 

§ (34) Camera Orsoura. — A simple and 
effective instrument for observing clouds in 
the zenith is provided by a “ camera obscura,” 
with a revolving ground glass or screen placed 
in the focal plane of the lens. The ground 
glass should be ruled with a number of equi- 
distant parallel lines. An ordinary camera 
serves quite well for the purpose, if fixed with 
lens axis vertical, the lens being above the 
ground glass. The camera is focussed for 
tc infinity 55 and the ground glass is rotated 
until the image of the cloud appears to move 
parallel to the lines ruled on the glass. The 
direction of the lines gives at once the direction 
of the cloud motion. The speed-height-ratio 
can be determined by noting the time required 


by the image to traverse a distance on the 
ground glass equal to a convenient fraction 
(say I fn) of the focal length of the lens. If 
that time is t seconds, then the speed-height- 
ratio is 1 jut sec.” 1 , i.e . 1000 Jnt milliradians per 
second. 

§ (35) Darwin - Hire Mirror. — Another 
-instrument of this type is the Darwin-Hill 
mirror, 1 which is a sheet of plate-glass, 50 cm. 
square, silvered on the back, which is fixed 
in a horizontal position and ruled in centi- 
metre squares. A movable eyepiece is pro- 
vided 10 cm. above the surface of the glass, 
through which the reflection of a cloud can 
be viewed. The eyepiece being set vertically 
above a definite intersection of the lines on 
the mirror, the time is noted, and by means 
of a stylographic pen the course of the cloud, 
as defined by the intersection at the mirror- 
surface of the line of sight from the eye to 
the cloud-image, is marked upon the mirror. 
Equal intervals of time are shown by cross- 
marks upon the course as drawn on the 
mirror, and in this way the co-ordinates x 
and y of the apparent position of the cloud on 
the mirror, referred to the horizontal axes 
on the mirror passing through the point 
vertically below the eyepiece, can be written 
down in centimetres. If H km. is the height 
of the cloud, and X and Y km. are its actual 
horizontal distances from the vertical at the 
point of observation, measured parallel to the 
axes defined above, then it is clear that 

H :X: Y = 10 : x : y. 

Hence the direction of the marked course on 
the glass is parallel to that of the cloud, and 
the rate of progress upon the marked course 
is to the speed of the cloud as 10 is to H. 
Two such mirrors can be used at the ends of 
a measured base line to observe the same cloud, 
and a comparison of the co-ordinates obtained 
on the mirrors for simultaneous observations 
of the cloud will enable a determination of 
the height of the cloud to be made. For, using 
suffixes 1 and 2 to denote corresponding 
quantities measured from the two mirrors, 
we have 

II : X x = 10 : x ly 
and II : X 2 = 10 : x 2 . 

Thus II : X x - X 2 = 10 : x x - 

If the axis of x be chosen to be in the direction 
of the line joining the mirrors, then X x - X 2 == D, 
the length of the measured base line in kilo- 
metres, thus 

H : D= 10 : x x — x 2 , 

which is an equation for finding II. It is, 
however, difficult to be quite certain that 
both observers are dealing with the same 
portion of cloud, even if they are in 
telephonic communication. The method is 
1 See c< Position-Finder, The Mirror/' Vol. IV. 
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effective for rapidly finding uj>per-air currents 
on a clear day, provided means is available 
for projecting vertically a shell which is timed 
to burst and produce a visible jouff of smoke 
at about the desired height. 

VIII, Various Instruments for Use 
on Aircraft 1 

§ (36) Meteorograph for Kite Balloons. 
— A meteorograph for kite balloons has been 
devised at the Royal Aircraft Establishment, 
and is used with success. It consists of a 
number of separate instruments (altimeter, 
thermometer, aeroplane compass, fan anemo- 
meter) mounted upon an aerofoil. The indicat- 
ing dials or scales of the instruments are 
brought together upon a vertical partition 
arranged athwart the aerofoil, and a small 
camera with a kinematograph film is fixed in 
the aerofoil in such a way that a composite 
photograph of these indicators can be secured. 
By a clockwork mechanism exposures are 
made at regular intervals throughout an 
ascent. The aerofoil is suitably mounted upon 
the cable of the kite balloon, sufficiently far 
from the balloon itself to be free from the large 
disturbing influence on the wind which is 
produced by the balloon, and its shape ensures 
that it is always correctly orientated to agree 
with the prevailing wind direction. Con- 
sequently the aeroplane compass correctly 
indicates the wind direction at the position of 
the aerofoil. From the series of photographs 
on the film it is easy to draw up a table 
showing corresponding values of tempera- 
ture, wind direction, and wind speed at 
tlxe - different heights attained, since each 
photograph shows clearly simultaneous read- 
ings of each of the instruments. 

§ (37) The Aeroplane Psychrometer is a 
combination of dry- and wet-bulb thermo- 
meters which is used for obtaining observa- 
tions of temperature and humidity in the 
upper air by the pilot of an aeroplane. The 
cockpit of an aeroplane is an unsuitable place 
for measuring air temperature, since conditions 
there are affected by various sources of error, 
of which the heat from the engine is the chief. 
It is necessary to expose a thermometer for 
obtaining air temperature on a strut upon 
the wing of the machine in order to secure a 
good exposure, and a thermometer so placed 
may be 4 feet or more distant from the 
observer. Some means of magnifying ' the 
stem and scale is therefore required to enable 
readings to be made. The earlier aeroplane 
thermometers were spirit thermometers, the 
liquid being coloured deep red and the bulb 
being large in relation to the bore of the tube, 
so that the scale was very open, about 5° F. 

1 See also Vol. V., <£ Instruments for Use in Air- 
craft/ ’ 


to the inch. The stem was made of lens- 
fronted glass, which magnified the bore 
laterally but not longitudinally, and the 
mount of the thermometer was a large block 
of wood, of which the back was hollowed to 
fit the strut, while the front was painted white 
with black graduations and figuring for the 
thermometer scale. The bulb was surrounded 
by a metal cc honey-comb 95 bounded by a 
sheet of bright metal so arranged that when 
fixed to the machine air passed freely over 
the bulb, but direct solar radiation could not 
reach it. This thermometer was easy to read 
from the pilot’s seat, but it suffered from the 
disadvantage that it was sluggish in action, 
and was therefore unsuitable for observations 
of temperature when the machine was climb- 
ing or descending rapidly. 

The more modern instrument consists of 
an ordinary mercurial thermometer with a 
small bulb fixed upon a porcelain mount. 
The graduations are on the stem of the thermo- 
meter. The scale value is not particularly 
open, but is about 18° F. to the inch. Such 
a thermometer is much more sensitive to 
changes of temperature than the large- bulbed 
spirit thermometer just described. To render 
it readable at a distance of 4 feet a 2 -inch 
diameter lens, of 
focal length 
about 4 inches, 
is mounted on a 
slide in front of 
it, the axis of 
the slide being 
parallel to the 
stem of the ther- 
mometer, and a 
two -string or a 
Bowden - wire 
control is pro- 
vided so that 
the lens can be 
moved up or 
down by the 
observer until 
the end of the 
mercury column 
and the scale in 
the immediate 
vicinity of it are 
seen in the field 
of view, when 
reading is easy. 

A second ther- 
mometer is 
mounted along- 
side the first to 
act as wet bulb, and a similar reading 
lens is provided for it, the two lenses being 
arranged in the same sliding mount and 
moved together. The bulbs of the thermo- 
meters are not protected specially fro m radia- 
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tion since the ventilation experienced is in i 
general sufficient to counteract radiation 
effects. In any doubtful case it is not difficult 
to manipulate the machine so that the thermo- 
meters are in the shade of the wings while 
observations are made. Fig . 27 shows the ; 
arrangement. I 

Special tables for obtaining relative ; 
humidity, vapour pressure, etc., from the 
dry- and wet-bulb readings are used, to suit 
the special conditions of ventilation to which 
the thermometers are subjected. 

§ (38) Dobson Barotiiermograph. — A 

useful instrument for use on aeroplanes is 
the Dobson barothermograph, which records 
temperature as a function of pressure as the 
Dines balloon meteorograph. 1 The scale, 
however, is not microscopic, but readable 
without special appliances other than a trans- 
parent celluloid scale, which is ruled to show- 
isobars and isotherms in two series of curves 
intersecting approximately at right angles. 
Pressure is measured by two parallel sets of 
aneroid boxes, of which the terminals move 
in opposite directions and are connected to 
a cross-lever which is pivoted at a point 
midway between the terminals. The sets of 
boxes therefore assist each other so far as 
rotation of the cross-lever due to change of 
pressure is concerned, but any inertia effects 
due to vibration of the engine of the aerojffane 
are cancelled, because they are felt as equal 
and opposite forces on the two sets of aneroid 
boxes. The temperature element is a bi- 
metallic coil of steel and brass of the usual 
type placed in a cubical cell which is provided 
with numerous ventilation holes on three of 
its faces. The cross-lever of the aneroid 
system and the arm of the thermograph are 
connected together by a system of jointed 
rods with a writing-point at the middle joint 
of the system. The result is that the isotherms 
are very nearly circles described about a series 
of definite positions of the end of the thermo- 
graph arm, and the isobars are nearly circles 
described about a series of definite positions 
of the end of the aneroid cross-lever arm. 
The joints are jewelled to eliminate friction 
and all the moving parts are very carefully 
balanced to eliminate blurred records due to 
engine vibration. The records are made by 
a sharp metal point writing on a smoked card, 
and are “ fixed ” before tabulation by flowing 
a quick-drying lacquer over the surface. The 
case of the instrument is stream -lined and 
arranged for attachment to a leading edge 
of a plane. 

The scale values are approximately as follows : 
10 mb. = 10° F. =4 mm. From a tabulation of 
pressure and temperature which is made direct 
from the record it is easy to draw up a corre- 
sponding tabulation of temperature at definite 

1 See “Air, Investigation of Upper,” § (7). 


heights, using the barometric formula or its 
equivalent in table or diagram form. 

Figs . 28 and 29 are a view of the instrument 
and a reproduction of an actual record. The 



latter shows separate curves for the ascent 
and descent. 

It will be noticed that this instrument is 
well adapted for obtaining air densities. 



Density depends upon pressure and tempera- 
ture only, consequently lines of equal density 
could also be drawn upon the celluloid scale, 
with the aid of which a tabulation of pressure 
or temperature or height against density could 
be made. A knowledge of the density at 
different levels is important in gunnery. 
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METEOROLOGICAL OPTICS 

§ (I) Introduction, — T he study of meteoro- 
logical optics is concerned with those pro- 
perties of light which depend on the atmosphere 
and on the occurrence of dust, water, or ice 
suspended in it* 

More or less complete accounts of various 
phenomena coming within the province of 
meteorological optics are to be found in 
treatises on light, notably in the Traite 
(Foptique of M. E. Mascart (Gauthier Villars, 
1893). The most exhaustive account of the 
subject is in Meteorologische Optik , a work 
which was mostly written by J. M. Pernter 
and was completed by his pupil F. M. Exner 
(Braumuller, Wien und Leipzig, 1910). 1 It 
should be noted, however, that some of 
Pernter and Exner’s work requires revision 
in the light of modern knowledge, and, more- 
over, that there are still a certain number of 
phenomena which have not yet received satis- 
factory explanation. Amongst short summaries 
of the subject that of Humphreys ( Physics of 
the Air , Philadelphia, 1920) must be mentioned. 

Notes for the use of observers will be found 
in the Observers ’ Handbook of the Meteorological 
Office. These are based on instructions pre- 
pared by J. M. Pernter for the International 
Meteoi'ological Committee. 

§ (2) The AmRMT Form of the Sky.— 
The actual boundary of the atmosphere 
being indefinite and the heavenly bodies 
seen in the sky — the sun by day and the 
stars by night — being practically at an 
infinite distance, it might be supposed that 
the sky would seem to be at the same distance 
from an observer in all directions. This 
is not the case, however. The sky seems 
nearer overhead than close to the horizon ; 
constellations, as well as sun and moon, appear 
to be larger when low down. The apparent 
form of the sky is to most people a segment 
of a sphere. The ratio of the dimensions of 
the segment can be estimated by judging the 
position of the middle points of arcs on the 
sky and determining instrumentally the angles 
the arcs subtend to the eye. For example, 
the elevation of a point which to the eye 
appears as the middle point of the arc from 
horizon to zenith is found to be about 22°, 
whereas if the sky were a hemisphere the 
middle point of such an arc would have had 
an elevation of 45° The observations are 
consistent with the assumption that the 
apparent distance of the horizon is about four 
times that of the zenith. 

The explanation given by Humphreys for this 
curious phenomenon is that when looking at clouds 
we realise that the clouds overhead are actually 
nearer to us than those at less elevation. Even when 

3 A second edition has just appeared. 


the sky is blue one accepts it. as a slightly curved 
surface : the heavenly bodies seem to be embedded 
in this surface rather than far beyond it. Some 
theorists have put forward a more elaborate explana- 
tion according to which the scale to which the mind 
refers the size of distant objects depends on the 
position of the eye in its socket. A simple illustrative 
experiment is to gaze for a few seconds at t he sun 
when it ia not too bright. On turning away from 
the sun complementary images appear on the tired 
retina. Such images are said to look large when 
near the horizon and diminish as the eye is turned 
upwards, but. in the experience of the present writer 
this is not the ease, ho that, for his eyes at any rate, 
the explanation breaks down. 

This physiological or psychical phenoimmcm 
has to be remembered when various observa- 
tions are reviewed. It explains the great 
apparent height of mountains, which appear 
to shut off half the sky when their elevation 
is only 22° ; it makes the ends of a rainbow 
appear wider than the middle, and makes a 
halo, when seen round a low sun, elliptical 
rather than circular. In the routine of 
practical meteorology it pro hably loads U > 
exaggerated estimates of the j m >j a nd ion < >f 
the sky that is oloud-eoverod. 

§ (3) Refraction in tub Atmosciibrb. The 
atmosphere being a medium whoso density is 
not uniform, light is propagated through it 
not in straight lines but along curved rays.® 
How this happens may be pictured most 
readily by reference to the wave-theory of 
light. Suppose a wave to he advancing from 
a distant source of light at nearly the same 
level as the observer, the upper and lower 
parts of the wave will bo in nir differing 
slightly in density, and the upper part will 
generally move the faster. Accordingly the 
wave front will rotate, and the light reaching 
the observer’s eye will seem to come from a 
point above the actual source* A useful 
analogy is that of sea waves which wheel 
round when one end, being in shallower water, 
moves more slowly than the other. r 

The radius of curvature of a ray may be «m lem kited 
from the formula 

1 dr/ tin dp./ tin 

2338 ' t ' 4 ' ! ' ; i , 

r v JLL 


in which r is the required radius, v is the tqxscd of 
light, pm the index of refraction, and d/# is measured 
at right angles to the ray from the lighter to the 
denser medium. 

It follows that if, as is usual, the distribution 
of density is symmetrical and the ray is therefore in 
one plane throughout its course, the total rotation 
of the wave front is given by the equations 


e 


f tan t dju, . 

r>: d. ,u 



df A 
M * 


in which f denotes the angle between t he my and t he 
normal to a surface of equal density. 

2 See “ Trigonometrical Meluhtrt und Terrestrial 
and Astronomic Refraction.” 
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§ (4) Astronomical Refraction. — The 
displacement of the stars by refraction is of 
great importance in observational astronomy, 
and much attention has been given to the 
estimation of its magnitude. 1 

To evaluate the displacement theoretically 
we may use the integral obtained in the last 
paragraph. 

To a first approximation 

6~{p-o ~ 1) tan 

where '<; is the zenith distance of a star and 
p. 0 is the index of refraction of the air at ground 
level. 

When a second approximation is required 
the curvature of the atmosphere must be 
allowed for, and ’ the following formula is 
obtained — 

0 = C tan (f — AO), 


where 


and 


C=iV 0 -l)(3-Mo)» 

A _ H i 

A “(^-T)R h 


II being the radius of the earth and H the 
height of the homogeneous atmosphere. 

A formula of this type was given by Bradley ; 
the theoretical evaluation of the coefficients 
appears to be due to Rayleigh. 

The value of the constant A determined 
by Biot and Arago from astronomical observa- 
tions is 3-25. Rayleigh’s theory would give 
a somewhat higher value. The constant C is 
00-6 seconds or nearly -0003 radian. 

The following table (after Bessel) gives the 
correction for refraction at 760 mm. and 
8-5° C. : 


Zenith 

Distance. 

Correction. 

Zenith 

Distance. 

Correction. 

10° 

10" 

00° 

100" 

20 

21 

70 

157 

30 

33 

80 

310 

40 

48 

85 

586 

50 • 

09 

90 

2094 


§ (5) Rising and Setting of the Heavenly 
Bodies. — It will be seen that according to 
the preceding table when the zenith distance 
of a heavenly body is apparently 90° its 
actual distance exceeds 90° by 2094" or 35'. 
This correction is greater than the apparent 
diameter of sun or moon, so that when either 
of these luminaries is seen on the horizon its 
geometrical position is completely below that 
level. 

In estimating the time of sunrise the 
practice of meteorologists 2 is to allow for 
refraction and go by the time at which the 
centre of the sun is on the horizon ; the true 
distance of the centre of the sun from the 
zenith is assumed to be 90° 34'. 

1 See “ Trigonometrical Heights/' etc. 

2 International Meteorological Tables , p. B. 15. 


It should be remarked, however, that any 
unusual distribution of temperature may 
modify the course of the sun’s rays and 
occasion a distortion of the image, and the 
time of sunrise or sunset may be affected by 
many seconds. 

§ (6) The Green Rat, — When the sun sets 
under favourable conditions the last glimpse 
of it is coloured a brilliant green. The 
phenomenon and the corresponding one at 
sunrise are explained by the unequal refraction 
of light of different colours. 

§ (7) Refraction in Survey Work. — An 
important part of the accurate survey of a 
country lies in the determination of level. 3 
To ascertain the difference of level between 
two spots the observer has two graduated 
staves set up and views them from an inter- 
mediate position. The instrument he uses is 
provided with a telescope which can rotate 
about a vertical axis, the optical axis remain- 
ing horizontal, and he examines the two staves 
in turn, ascertaining the graduations which 
appear to be at the same level. The most 
satisfactory time of day for surveying is when 
the sun is low, as the air is least turbulent, 
but at such times the layers near the ground 
are considerably cooler than those above and 
the rays of light are not straight but curved 
with the convexity upwards. In the circum- 
stances the staff-graduations which appear to 
be at the same level are really at different 
heights. The error introduced in. this way is 
quite appreciable, but it can be eliminated by 
arranging the routine of observation so that 
positive and negative errors cancel one 
another. 

The error in a single observation may be computed 
by the formula 

. «s 2 d/jL - «s 2 dT 
Jjl d 10° Mi 

where s is the distance from telescope to staff, 

M is the index of refraction of the air, 

T is the temperature on. the centigrade scale, 
h is the height above ground, and 
6 is the error in the observed height in so far 
as it is due to the cause under discussion. 

Any, the same, unit may be used for e 9 and h . 

§ (8) The Distance of the Horizon. — 
The distance of the horizon which bounds the 
field of view of an observer looking over the 
sea or a level plain depends to a certain extent 
on the meteorological conditions. 

The horizon is determined by the cone of 
rays which reach the observer’s eye having 
originated as tangents to the globe. If the 
air were of uniform density these rays would 
be straight lines, and in that case the distance 

3 See “ Surveying and Surveying Instalments,” 
§§ (31), (32), Vol. IV., also “ Trigonometrical Heights, 
etc.” 
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of the horizon could be found from the simple 
formula 

Sq ==: sj 2/WR, jj, 

in which h is the height of the observer and R 
the radius of the globe, whilst the depression 
of the horizon, i*e. the inclination of the rays 
as received by the observer, would be S 0 , given 
by the relation 



When the air is not of uniform density the 
horizon is still determined by rays which 
start as tangents to the globe, but these rays 
are curved instead of being straight* If the 
air is warmer helow than above, the rays 
curve upwards, and the distance of the horizon 
corresponding with a given height of the 
observer’s eye is decreased. At the same 
time the inclination of the rays received by 
the eye is increased. On the other hand, 
when the lapse-rate 1 of air-density is high, 
as, for example, when there is warm air over 
cold water, the horizon may be very consider- 
ably raised. 

A classical instance of the latter phenomenon 
occurred on July 26, 1797, when the whole 
French coast from Calais to St. Valery was 
seen from the shore at Hastings. A good 
example of the former effect is the observation 
of Cook, who, in 1773, saw a large iceberg 
disappear below the horizon as the result of 
the lowering of air temperature on the passage 
of a snow squall. 


The depression of the horizon is given by the 
formula 

52 = J ^! 1 „| p \ 

R h 10 6(1 X ° )f 


where h is the height of the observer’s eye, R the 
radius of the earth (6*4 x 10 6 m), T is the temperature 
(oentigrade) at the ground level on the actual horizon, 
T 0 is the temperature at the observer’s eye, and d is 
the depression in radians. 

In the theoretically^ simple case of a uniform 
lapse-rate of temperature 

and in this case the distance of the actual horizon 
is found from the relation 

dT~l 

dz J’ 

the unit of length in these formulae being the metre. 

Looming . — The word looming is used for 
an illusion which makes objects appear 
bigger than they are. When conditions are 
favourable for increasing the distance of the 
horizon the vertical scale of distant objects 
is also increased and they “ loom,” but this 
is not the only possible cause of looming. 

1 See “ Atmosphere, Physics of the,” § (5). 


; = 3580\/p 


1+3-2 


§ (9) Inferior Mirage. — When the air 
very close to the ground is much heated it 
may happen that rays of light can pass into 
this lowest layer and curve upwards again. 
In such circumstances an observer will receive 
the same impression as if the rays had been 
reflected from the surface of water ; when 
he can thus see an object and its inverted 
image he is said to observe a mirage ; that 
term is used somewhat loosely, however, for 
other kindred phenomena. The illusion of the 
presence of water is frequent, but it does not 
always occur. 

In the diagram (Fig. I), which is drawn with 
the vertical scale enormously exaggerated, O 
represents the eye of an observer, S the 
actual position of a conspicuous object. The 
observer sees the object directly at P (lie is 



Pig. 1. — Production of Inferior Mirage. 


unconscious of the fact that P is slightly 
below S) and an inverted image at Q. The 
condition for the mirage to be possible is that 
light can pass from S to O by two different 
paths. The illusion of the presence of water 
is assisted by the reflection of the sky B above 
S. This is seen in direction OB. It may not 
be produced if the effective background behind 
S consists of sand-hills instead of sky. 

When the sheet of water is apparently 
present its near edge will bo determined by 
rays which almost graze the ground. The 
illusion of reeds growing by the water-side is 
produced by the vertical extension of the 
images of pebbles which happen to be suitably 
placed (as at T in the diagram). 

It has been mentioned that a rapid increase 
of air density 2 from below upwards leads to a 
narrowing of the horizon ; the horizon in this 
sense is really identical with the near edge 
of the sheet of “ water,” but it may happen 
that it does look like the ordinary horizon, 
and in such circumstances an object beyond 
the “ horizon ” and its reflection or mirage 
may be merged and seem to float in the 
air. 

Though typical of tropical deserts, mirage 
ia not infrequently to bo observed in 
England. Excellent examples have been 
seen on level wood pavement in the London 
suburbs, wide roads appearing to bo com- 
pletely flooded. 


vviien air is neaaea Dy contact, witn a Hot sur- 
+ c +t^ e P res ? ure ) which is determined by the weight 
ot the superincumbent atmosphere, is not altered, 
but the density is reduced. In spite of the convection 
currents the average density of the air very close to 
the ground is lower than that of the air above it. 



METEOROLOGICAL OPTICS 


521 


The same type of mirage can occur at sea ; 
much more frequently it happens that when 
a distant coast is looked at a bright whitish 
strip is seen along the sea-horizon in front of 
the coast. To the casual observer the strip 
seems to be the actual shore. In this case 
the mirage or reflection of the land is of little 
depth and is not noticeable, the bright strip 
is the reflection of the sky. The phenomenon 
is an indication that the sea is warmer than 
the air above it. 

Shimmering . — An invariable accompaniment 
of the inferior mirage seen over a hot land 
surface is shimmering, a tremulous movement 
evidently due to refraction through the 
irregular boundaries of the convection currents. 
It is not uncommon, especially among rifle- 
men, for mere shimmering to be spoken of 
as mirage when no true mirage is to be 
observed. It will be noticed, however, that 
a^shot directed along the line of sight, OP of 
Fig. 1, would pass below the target S, so 
that in such circumstances it is necessary to 
aim high. 

§ (10) Superior Mirage. — Another type of 
mirage is that in which the reflecting layer is 
above the observer. The necessary condition 
is an exaggerated falling off of air density at 
a certain height, implying a sharp 4 4 inversion ” 
or increase of temperature with height. In 
this case the object is seen inverted, and 
frequently there is an erect image above the 
inverted one, indicating that three alternative 
routes are available for the light from object 
to observer. The most striking examples of 
the phenomenon have been reported from 
the Arctic regions ; on jone occasion a ship 
twenty-eight miles away, and therefore far 
below the horizon, was seen reversed in the 
air and actually recognised. 

In the diagram (Fig. 2) BO is the layer in 



Pig. 2.’ — Production of Superior Mirage. 


which the lapse rate is high and the rays are 
curved— the curve is a parabola. The ray 
which reaches the observer O as if coming from 
P appertains to an inverted image, that from 
Q to an erect one. 

Fata Morgana. — Fata Morgana is the Italian 
name for Morgan the Fairy, the legendary 
half-sister of King Arthur. 'The mirage seen 
across the Straits of Messina suggested to the 
poetical palaces in the fairyland where Fata 
Morgana reigned, and her name is now given 
to mirages seen in like situations where there 


is much distortion and repetition of images. 
In such cases superior and inferior mirages 
may be produced simultaneously by interlacing 
currents of air. 

§ (11) Scintillation or Twinkling op 
Stars. — Every one is familiar with the twink- 
ling of stars, a rapid and irregular fluctuation 
of the colour as well as of the intensity of the 
light. The nearer the horizon the more 
vigorous the twinkling. Except when very 
near the horizon the planets do not twinkle 
appreciably, but their images, like those of 
the sun and moon, when seen in the telescope 
exhibit an analogous phenomenon, a rippling 
of the contour. The spectrum of a twinkling 
star shows light and dark bands which 
move sometimes in succession from the 
violet to the red or vice versa and sometimes 
oscillate. 

The explanation of scintillation is found in 
the irregularities in the distribution of tem- 
perature and humidity in the air ; the surfaces 
of equal index of refraction are not everywhere 
flat and horizontal but twisted into all sorts 
of irregularities, so that the atmosphere may 
be regarded as containing flaws, and the fronts 
of the waves of light on their way from a star 
to the eye do not remain plane. If such Ir- 
regularities did not occur, the pencil which 
just fills the pupil of the observer’s eye would 
have throughout its course a cross-section 
equal in area to the pupil. In the actual 
atmosphere the cross-section of the pencil as 
it enters the atmosphere must vary, and, 
therefore, the amount of energy entering the 
eye fluctuates. Moreover, the path of the red 
light which reaches the eye is not quite so 
much curved as that of the violet light (the 
paths may be separated by a metre or more), 
and the fluctuations in the brightness of 
different colours will be more or less in- 
dependent. The theory explains not only the 
ordinary direct observations of twinkling but 
the passage of the bright and dark patches 
in the spectrum. The regular movement of 
these patches shows that the 46 flaws ” in the 
atmosphere move mostly in one direction, 
which can be shown to be from west to east. 
How it is that the movement is slow enough 
to be visible does not seem to have been 
adequately explained. 

Shadow Bands. — Another phenomenon 
which has been explained by the movement 
of these u flaws ” in the atmosphere is observed 
just before the totality of a. solar eclipse, when 
a white wall, for example, may look as if light 
reflected from a rippled water surface were 
falling on it. 

§ (12) Diffraction. The Colours of the 
Sky. — Lord Rayleigh’s theory 1 provides a 
general explanation of the blue of the midday 
sky. To explain the appearance of red and 
1 See 14 Scattering of Light,” Vol. IV. 
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other shades at sunset the absorption, or 
rather the extinction, of the light either before 
or after the diffraction to which the colour is 
mainly due must be allowed for. The short 
waves which are produced most freely when 
the sunlight is incident on the atmosphere 
are also scattered most readily on their passage 
through the lower strata. 

To estimate the brightness of the light of 
any colour reaching the eye from a particular 
elementary portion of the atmosphere, the 
intensity of the same colour in the original 
beam from the sun must be multiplied by 
three factors. The first represents the pro- 
portion of the light which gets as far as the 
diffracting element, the second the fraction 
which is diffracted there, the third the pro- 
portion of this light which reaches the eye 
without being diverted by secondary diffrac- 
tion, The first and third factors decrease as 
the length of the path of the light through 
the atmosphere is increased ; these factors 
are smaller for the smaller wave - lengths. 
On the other hand the second factor is greater 
for small wave-lengths. When the total 
length of the path is moderate this second 
factor is of most importance and blue light 
reaches the eye most readily, but when this 
total length is greater, ie. for the sky near 
the horizon, with a low sun it is the red light 
which prevails, the path being long enough 
to provide an adequate amount of red diffracted 
light, not long enough to extinguish it. When 
the sun is low it appears a golden yellow, 
whilst the sky near the horizon is red, shading 
off through pale yellow to pale blue and 
the deeper blue overhead. 

Pioneer work in the way of numerical 
computation of the intensity of different 
colours of the spectrum in skylight when the 
sun is on or below the horizon has been 
published by P. Gruner. 1 His calculations, 
though not carried far enough for detailed 
comparison with observation, establish the 
fact that diffraction by air molecules is 
sufficient to account for the red colour of the 
sunset sky. 

The experiments of Professor It. W. Wood 2 
show that if the light of the sky were due 
entirely to diffraction by the air there would 
be no glare or excess of brightness in the 
region near the sun. The actual excess (the 
light one diameter from the sun is about five 
times as bright as more remote parts of the 
sky) 3 is to be attributed to diffraction by 

1 Beitriige z , . Physilc d . Freien Atmosphare , 1919, 
viii. 120. 

a PML Mag., 1920, Scr. 6, xxxix. 430. 

3 This refers to visible light ; the contrast in the 
case of thermal energy is more striking. The 
following table refers to observations at Mount 
Whitney ( Annals of the Astrophysical Observatory of 
the Smithsonian Institution, iii. 145). The unit of 
brightness is 1/10 8 of the brightness of the centre 
of the sim. The brightness of any part of the sky 
is regarded as the sum of two parts — A, a function of 


foreign matter, i.e. dust, and possibly water- 
drops and ice-crystals in the air. The most 
brilliant sky colours, notably those which 
followed the Krakatoa eruption, are to be 
attributed to fine dust. 

The colours of the sky are affected by the 
presence of clouds. If the line of sight passes 
for long distances in shadow the sky fre- 
quently takes a greenish hue, the blue light 
being reduced in strength in comparison with 
that of greater wave-length and not being 
reinforced by sunlight diffracted in the lower 
levels. 

The phenomena of sunset and sunrise, as 
observed with cloudless skies and a clear 
atmosphere, must be set out in further detail. 

Two series of phenomena are recognised, 
which may be denoted primary and secondary, 
the primary occurring before the secondary at 
sunset, after at sunrise. For convenience of 
description, only the sunset sequence will be 
detailed. 

Sunset and Sunrise Colours - Primary Series . 
— (a) The ruddy counterglow in the east 
appears when the sun is still above the horizon. 
Its upper limit remains steady after the sun 
sets, but from that time it is encroached on 
by the earth shadow or dark segment which 
gradually eclipses it. 

( b ) The oversun glare (Dammerungsschein) is 
a white luminous area which is seen well above 
the sun as it nears the horizon. 

(c) After sunset there is a bright segment of 
red or gold, the upper boundary of which is 
the twilight arch (Dammerungsbogen). 

(d) The oversun glare develops at sunset 
into the purple-light. According to observa- 
tions made by Miethe and Lehmann 4 in 
Assouan this development proceeds from the 
outer edge inwards. The purple-light is said 
to be at its brightest when the sun is about 
4° below the horizon. The purple-light is 
initially almost a circle with radius between 
25° and 45°. It disappears rather quickly, 
subsiding on to tlie twilight arch when the 


the elevation of the point, and B, a function of the 
distance from the centre of the sun. 


A 


Solar 

Distance. 

Brightness. 

Solar 

Distance. 

Brightness. 

2° 

5560 

10° 

298 

3 

2586 

15 

142 

4 

1366 

30 

62 


B 


Elevation. 

Brightness. 

.Elevation. 

Brightness. 

0-10° 

320 

40-55° 

89 

10-20 

114 

55-75 

70 

20-30 

137 

75-90 

59 

30-40 

112 




4 Met. Zb., 1909, xxvi. 101. 
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sun is some 6° below the horizon. The 
beautiful Alpine afterglow is seen on mountains 
illuminated by the purple-light. 

Secondary Series. — The secondary series 
includes the secondary counterglow with a 
secondary dark segment below it, a secondary 
overarm glare, a secondary twilight arch, and 
finally a secondary purple - light. Observa- 
tions of the complete secondary series are 
rare. The secondary twilight arch has been 
identified with the boundary of the primary 
dark segment after its passage through the 
zenith. 

The phenomena fall into two classes, those 
due to diffraction by the gaseous molecules 
and those due to diffraction by dust in 
suspension in the upper regions of the 
atmosphere. 

In the latter class are included the oversxm 
glare and the purple-light. In this connection 
it is important to notice that the purple-light 
was seen at its best at the time of the Krakatoa 
eruption, and that the distance from the sun 
of the brightest region agreed with that of 
Bishop’s ring. Spectral analysis indicates 
that the purples may be regarded legitimately 
as the sum of red and sky-blue. 

The secondary series is attributed by Pernter 
to light which has undergone diffraction twice, 
but the theory presents difficulties. 

§ (13) Polarisation or Light, (i.) From 
the Sky . — The polarisation of the light from 
the sky was discovered by Arago. The 
maximum polarisation occurs at 90° from the 
sun. As was pointed out by Stokes, if the 
skylight were entirely due to diffraction of 
direct sunlight by very small particles the 
polarisation at this angle would be complete, 
and the fact that the polarisation is in the 
plane through the sun was of importance in 
establishing the theory that the displacement 
of the ether in the light wave was perpendi- 
cular to the plane of polarisation. 1 Actually 
the polarisation is not complete. Some of 
the light reaching the eye has been diffracted 
more than once, and the existence of this 
secondary diffraction, arising from the small 
particles of the air or less regularly from 
grosser matter in suspension, explains the 
observed facts. . 

The primary diffracted light from the sky 
in the immediate neighbourhood of the sun 
should not be polarised. Observation shows 
that there is polarisation in this region. This 
polarisation probably is a consequence of the 
secondary diffraction. The primary diffracted 
light which reaches any point of the atmo- 
sphere comes from all directions, but most of 
it must come from the directions in which the 
air extends furthest, i.e. from near the horizon. 

1 According to the electromagnetic theory of 

light it is the electric force which is at right angles 

to the plane of polarisation. 


Such light is polarised in such a way that the 
“displacement” in the light vector is nearly 
vertical, and the statement is also true after 
the light is diffracted again. On the vertical 
great circle through the sun there are neutral 
points where the primary and secondary 
diffraction just balance and the light is un- 
polarised. 

These points are : 

Arago’ s neutral point about 160° from the sun. 

Babinet’s „ „ ,, 20° above the sun. 

Brewster’s ,, „ „ 20° below the sun. 

The distances from the sun vary through 
ranges of 5° or more. 

The hypothesis of secondary diffraction is due to 
Soret. It should be mentioned, however, that it is 
doubtful 2 whether secondary diffraction by air 
molecules would be adequate to produce the observed 
effects, and Exner has recently 3 suggested that it is 
caused by reflection of the primary diffracted light 
by the grosser particles in the air. 

(ii.) From a Landscape . — With a clear sky 
the light received from solid objects is 
polarised in the same way as the sky would 
be in the same directions. With a cloudy 
sky, on the other hand, the polarisation is in 
a vertical plane. Exner explains these facts 4 
by consideration of the minute facets from 
which the light must be reflected, pointing 
out that in the case of the cloudy sky the 
most brilliant illumination is from the zenith. 
The light from the clouds is not itself 
polarised. 

§ (14) Rainbows. — Rainbows are seen when 
the sun shines upon falling rain. Sometimes 
only one bow or part of it is seen, sometimes 
two. Both bows have their centres at the 
point opposite to the sun below the horizon 
of the observer. The inner or primary bow, 
which is the brighter, has an angular radius 
of about 41°. The outer or secondary bow 
has a radius of about 52°. The primary bow 
is normally coloured red on the outside, and 
shows colours in the order of the spectrum 
with violet inside, whilst in the secondary bow 
the colours are in the reverse order. The 
space between the bows is somewhat darker 
than the rest of the sky. In favourable circum- 
stances, with a low sun and a heavy cloud 
for background, the contrast is striking. The 
colours of the bows are not always developed 
to the same extent, the widths and brightness 
of the successive bands being variable. More- 
over, some of the colours, notably the violet 
or pink, may be repeated, sometimes with a 
colourless interval, so that supernumerary 
bows are seen. These supernumerary bows are 
inside the primary. 

2 Marie A. Schirmann, Meteor olognche Z$. 9 1920, 
xxx vi 3 12 

8 Meteor ologiHche Zs., 1920, xxxvii, 115. 

4 L.e. p. 114. 
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The general explanation of the rainbow 
appears to have been first given by Theodorich 1 
about 1311, and Antonius de Dominus, at the 
end of the sixteenth century, gave an experi- 
mental demonstration with globes filled with 
water* The theory was placed on a numerical 
basis by Descartes in 1637, and the explanation 
of the colours was given by Newton in his 
Opticks (1704). According to the geometrical 
theory of Newton, rainbows should always 
have the same distribution of colour. To 
account for the variations, and especially for 
the supernumerary bows, the wave theory is 


here. 3 We shall endeavour to show to what 
extent the actual colours of the rainbow 
depend on the undulatory nature of light. 

The primary rainbow is due to light which 
has been reflected once internally in the 
raindrops. To simplify the consideration of 
how the bow originates we may confine 
attention at first to the course of mono- 
chromatic rays which come from a particular 
point of the luminary and enter a spherical 
drop in a specified diametral plane. After 
the first refraction the rays touch a certain 
caustic, after the internal reflection they touch 



Fig. 3.— Rainbows : Primary and Secondary. Prom a Photograph by G. A. Clarke. 


required. This was "pointed out by Young 
in 1804. The way in which the problem could 
be treated mathematically was shown by 
Potter in 1835, and his work was completed 
by Airy in 1836 in the same volume of the 
Transactions of the Cambridge Philosophical 
Society, It is a curious fact that the general 
recognition of Airy’s work was delaved by 
the xmsuggestiy e title of his paper, u On the 
Intensity of Light in the Neighbourhood of 
a Caustic. 55 The detailed specification of 
the colours of rainbows caused by drops 
of various sizes was made possible by 
Mascart, who pointed out the law according 
to which the intensity of light of various 
wave-lengths should vary, and was completed 
by Pemter. 2 

The Newtonian theory is given in elementary 
text-books of optics and need not be discussed 


o X T L rest on, Theory of Light , § 317. 

“ Wiener AJcad. Sitz. Bd. 106, § 153. 


another caustic, and on emergence they will 
touch a third. The form of this third caustic 


For convenience of reference the essential 
iorraulae for the rays with minimum deviation may 
be written down. They are*: 

Primary bow — 


sin 2— /x Bin r, 


i COS l fX COS 7% 


sm 


^='V // — T J^ , cos •£= \/ 


sin 


7T D 




T?’)* 


2\3 


Secondary bow 

sin sin r 3 3 cos i cos r, 
\i^\/ 


sin ?;== \/ 2 

V o » 


COS ' 




sin 


8 5 — V “g~ 

2i r — D 1 , „ _ I _ _ n 


By, 


j(p. a ~ !)?(£> -ju*)?. 


„ ^ les ? fojmula-e i is the angle of incidence, and 
LA,® i^Sle oi refraction into the drop, both for the 
+^}l - m *, mmu J n deviation. D is this deviation, 
and ij. the index ot refraction. 



METEOROLOGICAL OPTICS 


525 


is indicated in Figs. 4 and 5. It has two 
asymptotes which are themselves rays. For 
these rays the deviation from the direction 
of the incident light is a minimum. This is 



reinforcement on the lines where crest inter- 
sects crest and interference on intervening 
lines. 

It can be shown that the separation between 
the two branC s , , of the >app ;sdmate wave- 
front at an angular distance 0 from the 
Descartes ray is c .6%, where 

c _ 8 (^ 2 -l)3 
C -9 a (4_^ 

a being the radius of the drop, and /x the index 
of refraction. 

Interference occurs where the interval is 
equal to an odd number of half wave-lengths, 
i.e. where 

*3_2w+1 X 
0 2 * c ’ 

n being any integer, and X the wave-length. 
This 'equation determines the points where 
the intensity of the light vanishes. The 
maximum intensity occurs where 

X 

0 2 —n. 

c 


easily verified by placing a straight-edge as 
a tangent to the caustic and gradually turning 
it whilst maintaining the tangency. The 
deviation is a maximum, 180°, for the ray 
which is directly reflected at the back of the 
drop. 

A good approximation to the form of the 
wave-fronts can be determined by thinking 
of the loci swept out by the ends of strings 
unwrapped from the two branches of the 
caustic. In the neighbourhood of the limiting 
or Descartes ray these approximate wave- 
fronts are quartic curves with cusps. They 
indicate an infinite disturbance at the cusps. 
The leading part of the wav© corresponds to 



FM. 5. — The Interference of Light-waves emerging 
from a Raindrop. 


light coming from the central part of the drop, 
the spur with light from the further part, 
the cusp with light along the Descartes ray. 
Propagation of such waves past an undisturbed 
region or shadow is not possible. Some of the 
energy must pass into the shadow, and the 
form of the waves must he modified. It is 
of interest, however, to trace the interference 
pattern corresponding with the approximate 
wave-fronts. 

As the waves follow in succession there is 


In the more accurate theory of Airy the 
intensity of the light is found by the evalua- 
tion of a certain integral, and calculation 
shows that the maxima and minima are 
determined to a high order of approximation 
by the conditions 

0§ = (n+ £)- and 0* =(7&+f)~ 
c o 

respectively. 

It will be noticed that the first maximum 
is no longer on the Descartes ray but at an 
angular distance from it, which is given by 



(more precisely by 0$ = O-22(X/c)). 

Now consider the observer at a point which 
may be called P. He receives from the 
particular drop A light of the given wave- 
length of maximum intensity, provided that 
the angle between the lines of vision AP and 
the direction of the light coming from the 
luminary is D 4-0, D being the deviation of 
the Descartes ray, and 6 being given by the 
formula last stated. 

JELe will also receive light of like character 
from all the other drops of the same size 
which are at the same angular distance from 
the sun. It follows that in the circumstances 
postulated, a point source of monochromatic 
light and equal raindrops, the observer would 
see a large number of hows decreasing in 
brightness, the outermost bow being the 
brightest. 

In practice we have to deal with composite 
light from a source of considerable magnitude 
and with drops which are not of uniform size. 
Pernter has worked out the details of the hows 
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winch would be due to drops of various 
magnitudes. He finds that with drops of 
diameter exceeding 1 mm. the maxima of 
illumination due to a point source of light 
would be fairly close together. When allowance 
is made for the angular diameter of the sun 
it is found that distinct colours must appear 
only as a single spectrum. Thus large drops 
give approximately the rainbow of Descartes’ 
theory. 

On the other hand, with very small drops, 
with a diameter of 0*1 mm. or less, the maxima 
for monochromatic light are spread out. The 
first maxima for all colours nearly coincide, 
so that the rainbow is almost a pure white* 
Such a rainbow is only seen under favourable 
circumstances when the observer is very near 
a cloud ; it is sometimes known as a fog-bow 
or as Ulloa’s Ring. Three concentric white 
bows have been observed on occasion. 

As with coronas, so white rainbows may bo 
occasioned by droplets far below the freezing-point. 
Pernter ( Meteorologische OptiJc, p. 393) does not con- 
template the existence of such droplets, and pro- 
vides a far-fetched explanation of what he calls 
Bouguer’s halo by three internal reflections in ice- 
crystals of a special form. 

The shape of the white rainbow is determined by 
the intersection of a cone with the surface of tho 
cloud. In the case of a horizontal cloud or fog 
seen from above, the curve of intersection is a 
hyperbola, and the “ bow ” may appear as two long 
white streaks. 1 

In Fig . 6 (based on Pemter’s results) the 
distribution of the colours in primary bows 
due to drops of different sizes is shown. It 
will be noticed that the presence of super- 
numerary hows, which are usually recognised 
as pink, indicates the predominance of drops 
with diameter about J mm. 

The composition of the secondary or outer 
bow formed by light which has suffered two 
internal reflections has not been worked out 
in the same detail. The secondary bow is 
generally fainter than the primary, and 
apparently no observations of the super- 
numerary arcs which might theoretically be 
expected outside the secondary bow have been 
reported* 

Rainbows of higher orders than the second 
can be produced under laboratory conditions. 
They are not to be seen in nature, though 
there seems to be no good reason why careful 
observations should not in fortunate circum- 
stances detect the tertiary bow at 50° from 
the sun. 

Rainbows due to light from the sun’s Image 
in a sheet of water are observed occasionally ; 
such bows have their centres above the 
horizon. The course of the light is from sun 
to water, to drop, to observer. On the other 

i Qn 7 B i ald Ai Annuaire Soc - MMorologique de France , 
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hand, when a bow is seen reflected in the 
water, the course of the light is from sun to 
drop, to water, to observer. 

Lunar rainbows are reported occasionally. 
The colours are difficult to detect. 

§ (15) Diffraction Phenomena, (i.) 
Coronas . Frequently, when the moon is seen 
through clouds, it is surrounded by coloured 
rings. ^ Sometimes the colour is confined to a 
brownish patch in which the moon seems to 
be embedded. More frequently the most 
conspicuous part of the phenomenon is the 
scorched appearance of the neighbouring 
clouds. Under favourable circumstances, how- 
ever, there are well-defined rings, blue being 
innermost, and the spectral colours are re- 
peated more than once. The repetition of 
any particular shade is seen best when coloured 
glass is used. The brownish inner ring with 
the bluish - white inner field between ring 
and luminary form the aureole , the com- 
plete phenomenon is the corona . Coronas 
round the sun can seldom he seen with 
the naked eye owing to the general brilliance, 
but they are to be observed with smoked 
glasses. 

The condition necessary for the formation 
of a well -developed corona is the presence in 
the cloud which covers the luminary of drops 
of approximately uniform size. The light is 
diffracted by these drops. When a wave of 
light strikes such an obstacle as a drop of 
water secondary wavelets travel away from 
back and front of the drop. If the waves in 
the incident light come at regular intervals 
there will be the same interval between the 
wavelets. In some directions the crests of 
these wavelets coincide, in other directions 
the crests of one set coincide with the hollows 
of the other set. Accordingly, when observed 
from some points of view, the drop will be 
an effective source of light, but not in others. 
Equally effective drops will appear to lie at 
equal angular distances from the source of 
light, which will therefore appear to be sur- 
rounded by luminous rings. The angular 
radii of the rings are determined by the ratio 
of the wave-length of the light to the size of 
the obstacle, the larger the ratio the larger 
the rings. Hence it follows that with natural 
light the blue rings are smaller than the red, 
and also that the largest coronas are caused 
by the smallest drops. 

The theory of coronas, as usually stated, 1 
assumes that the drops are equivalent in their 
action to thin discs of the same diameter. On 
this hypothesis the angular radii of the rings 

1 The complete mathematical solution of the 
problem of the scattering of plane electric waves by 
spheres has been given by T. J. I s A., Bromwich 

{Phil. Trans. Roy. Soe. A, 1920, ccxx. 175), but the 
application to the case in which the radius of the 
sphere is comparable with a wave-length has not 

been worked out numerically. 


of maximum brightness for any particular 
wave-length are given by the formula 

sin e = h. 

a 

where 6 is the radius, X is the wave-length, 
2a the diameter of a drop, and k has the values 
1-64, 2-69, 3-72, 4-72, ... for successive 
maxima. 

The intensity of the successive maxima 
falls off rapidly, the third being only one-tenth 
as bright as the first. 

Measurements of coronas have served to 
determine the size of the drops which produce 
them. These average about *02 mm. in 
diameter, the range being from *01 mm. to 
•06 mm. 

(ii.) Iridescent Clouds . — Patches of colour 
like mother-of-pearl are occasionally seen on 
high clouds such as cirro-stratus. These 
patches are probably portions of coronas of 
very large radius. The classical explanation 
attributes them to diffraction by ice-needles. 
The complete theory of diffraction by a cloud 
of needles with fortuitous orientation does 
not seem to have been worked out, but it is 
improbable that sufficiently brilliant colours 
could be produced by such a cloud. Simpson 2 
prefers to attribute the phenomenon to minute 
water - drops, supporting this view by his 
observation that a corona and a halo are 
never seen at the same time on the same 
cloud. There is abundant evidence for the 
existence of drops at temperatures far below 
the freezing-point. 

(iii.) Glories. — On mountains an observer 
standing with his back to the sun will some* 
times see coloured rings round the shadow 
cast upon mist by his own head. The whole 
phenomenon is known as the Brocken Spectre, 
the coloured rings being called a glory. Similar 
observations have been made from balloons 
A striking feature of the Brocken Spectre is 
that, even if the shadows of the observer’s 
companions are seen, they are without glories. 
The explanation is that the glory is no personal 
attribute of the observer himself. If he used 
a periscope for his observations he would see 
the glory round the shadow of the top of the 
periscope ; in fact, Franz Mierdel, 3 who has 
been successful in viewing glories in an 
artificial cloud in the laboratory, adopted such 
a device. 

Glories and coronas are twin phenomena. 
It has been noticed how, when light waves 
fall on a drop of water, secondary waves are 
produced. The secondary waves, whose general 
direction is forward, produce the corona ; those 
whose general direction is opposed to the 

2 Quarterly Journal R. Met. Soc 1912, xxxviiL 
291. 

3 Reitrdge zur PhysiJc der freien Atmosphdre 
(Munchen), 1919, viii. 95. 



528 


METEOROLOGICAL OPTICS 


incident light will play their part in the 
formation of a glory. Owing to the sym- 
metry of these secondary waves the dimensions 
of corona and glory will be equal. 

A white rainbow, Ulloa’s ring, is often seen 
outside a glory (see § (14)). Roughly speak- 
ing, the rainbow is produced by light reflected 
inside the drops, the glory by light scattered 
without penetrating the drops. 

(iv.) Bishop's Ring . — Though not due to 
the presence of water-drops, Bishop’s ring 
may appropriately be mentioned here* This 
ring was seen after the eruption of KLrakatoa 
in 1883. Careful observation has led to its 
detection in subsequent years. The ring is 
a faint reddish corona of large radius, the 
inner edge about 12° from the sun, the outer 
at about 22°. These dimensions indicate 
that the diffracting particles which produce 
the corona must have diameters about *002 
mm. Their small size accounts for the slow- 
ness . with which the particles settle down 
to earth, the phenomenon lasting for many 
months. 

§ (16) Gebeuab Effects of Watee-dbops. 
(L) The Opacity of Clouds, — When the sun 
is seen through cloud the intensity of the 
light is much reduced. Light which is re- 
fracted through the drops or diffracted by 
them increases the general luminosity of the 
cloud, and the contrast between the sun and 
the cloud depends only on the rays which 
get through the cloud without meeting a 
drop. 

Consider a pencil of light of cross-section 
A coming from a point of the sun. Let S be 
the cross-section of one of the drops which 
happen to be in the pencil. The chance of a 
particular ray avoiding the drop is (A~S)/A 
or (1 — S/A). Hence the probability of the 
ray avoiding all the drops may be likened as 
(1 - S a /A)(l — S a /A) ... (1 - S n /A), where 
s 19 s 2 . . . s n are the areas of the cross- 
sections of all the drops, n in number, in the 
pencil. This expression is very nearly equal 
to where B is the sum of the cross- 

sections. It follows that if I be the inten- 
sity of the sunlight before entering cloud, 
and J the observed intensity of contrast on 
emergence, 



Accordingly if the drops are of uniform size 
with radius a , and the number in unit volume 
is q, whilst the thickness of the cloud measured 
along the line of sight is l, then 

l°g(?) = -7 ra 2 ql. 

The volume of a drop is ^Jt ra 3 . Hence the volume 
of water per unit volume of cloud is f 7 ra 3 q ; the 
vertical thickness of the cloud is l cos where £ is 


the sun’s zenith distance. Thus the volume of water 
in a vertical column of unit area is %rra z ql cos f ; the 
diameter of a drop is 2a, Thus the equivalent rain- 
fall measured in drop -diameters is % iraPql cos or 
I cos i* log (II J). 

Richardson’s observations x show that when 
the sun is just visible through stratus cloud 
the equivalent rainfall is equal to about four 
drop- diameters, the proportion of sunlight 
passing through the cloud without obstruction 
being about one part in 10,000. 

The brightness of the sun when seen through 
fog or haze is affected in the same way If 
the drops or dust particles are small enough 
diffraction affects the question. The light of 
longer wave-length is not so much obstructed 
as that of shorter wave-length, and the sun 
appears red. 

( ii. ) The Opacity of Rain . — The same line 
of reasoning may be applied to the question 
to what extent falling rain obscures a land- 
scape. Although large drops cut off more 
light than small ones, they get out of the 
way quicker and so are not so efficient in 
producing opacity. Since the rate of fall 
of a drop is nearly as the square root of the 
diameter, it follows that for a given rate 
of precipitation the obscuring power, the 
7 ra 2 q of the last formula, varies inversely 
with the square root of the volume of a 
drop. 

(ill.) Translucence of Cloud or Fog, — The 
proportion of sunlight transmitted through 
a sheet of cloud has been discussed 2 by 
L. F. Richardson. By consideration of the 
distribution of the reflected and refracted 
rays he has shown that approximately 6 per 
cent of the energy of the light falling on 
a spherical drop is scattered backwards, 
i.e. in directions deviating by more than 
90° from the incident light, the remaining 
94 per cent passing onwards through the 
drop. 

As the light penetrates deeper into the 
cloud it falls off in intensity, but so does the 
intensity of the reflected light from below. 
The difference between the amounts of energy 
flowing up and down is the same all through 
the cloud, and therefore equal to the difference 
between the amount emerging at the bottom 
of the cloud and the amount reaching that 
level from the ground. 

Richardson deduces the approximate for- 
mula 

— °° S ~ = V2[l + -06(1 - B) )Jircfiqdh\ 
in which 

I is the intensity of the incident sunlight, 
Z is the zenith distance of the sun, 

E is the intensity of the emergent light, 

1 Proc. Roy . Soc . A, 1919, xevi. 23. 

2 Loc, cit. pp. 23-31. 
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B is the reflectivity of the earth’s surface, 

a is the radius of a drop, 

g is the number of drops in unit volume, 
and the integration is with respect to h the 
height above the base of the cloud. 

In a particular case in which a strato- 
nimbus was under observation, the ratio on 
the left of this equation was found to be 
4*0, and the reflectivity B being 0*15, it was 
deduced that the equivalent rainfall in the 
cloud was 24 drop -diameters. 

(iv.) Albedo of Cloud . — It will be noticed 
that the thicker the cloud the more light is 
reflected by it. Moreover, the brilliance of 
the clouds depends on the angle between the 
rays from sun to cloud and from cloud to 
observer. The larger this angle the brighter 
the cloud. According to observations 1 of 
valley fog seen below the level of the observa- 
tory on Mount Wilson, California, when this 
angle is 165° the cloud is six times as bright 
as when the angle is 10°. According to the 
Mount Wilson observers the mean reflecting 
power of the clouds may be taken as 65 per 
cent. 

(v.) Visibility . — The visibility of a distant 
object depends mostly on the contrast with 
its surroundings. The condition of the atmo- 
sphere affects visibility in two ways. The 
suspended dust or mist cuts off the direct 
rays of light, and, on the other hand, by re- 
flecting the diffuse sunlight it adds to the total 
light received by the eye and so reduces the 
contrast. In a fog by day the latter effect 
is the more important ; the lights on a passing 
train do not remain in sight much longer than 
the train itself ; and white objects are only 
seen a very little farther than darker ones. 
Even in the most favourable conditions, in 
the middle of the day, the light diffracted 
by the air itself veils the distance in blue 
and reduces contrasts so that the sharpest 
detail is noticed about sunset, when the air 
between observer and object is not directly 
illuminated. ^ . I 

In the neighbourhood of large cities haze 
is mostly due to c’oal smoke ; it is most 
prevalent when the air is comparatively 
stagnant, and especially when an inversion of 
temperature at a few hundred feet confines the 
smoke to the lower layers. In country districts 
in England visibility generally improves in the 
middle of the day, when a large proportion of 
the dust which had settled down towards the 
ground is carried up again as the stratification 
of the air becomes less stable. Visibility 
is better with winds from the north and west, 
presumably because there is no pollution over 
the North Atlantic. 

§ (17) Ice Crystals tn the Atmosphere. — 
The phenomena, to be considered in the 

1 Annals of the AMrophysical Observatory of the 
Smithsonian institution , 1908, ii. 141. 


following sections include various rings, arcs, 
and patches of light which are explained by 
the presence of ice-crystals in the atmosphere* 
These phenomena are seen in most favourable 
circumstances in the polar regions^ where small 
ice-crystals frequently occur at low levels, 
but they are by no means rare in temperate 
latitudes. The rings round the luminary are 
called halos, the patches of light mock-suns 
or parhelia ; the group of phenomena observed 
on a particular occasion is known as a halo 
complex. Fig . 7 is a simple example — the 
“ halo of 22° ” with the cc upper tangent arc,” 
the “ mock - sun ring ” and cc mock - suns,” 
sketched at Aberdeen by G. A. Clarke on 
March 5, 1908 — and is reproduced as giving 
the impression received by an observer ; 



Fig. 7. — Solar Halo of 22° Radius with Upper Arc of 
Contact, Mock-sun Ring and Mock-suns. From a 
sketch by G. A. Clarke. 


whilst in Fig . 8 we have one of the most 
elaborate complexes, the historic Petersburg 
halo, recorded by Lowitz on July 18, 1794. 

The classical work on the subject is the 
Memoire sur Us Halos of Bravais, Paris, 1847* 
The valuable monograph by M. Louis Besson, 

“ Sur la Thdorie des Halos,” Paris, Annales de 
V Observatoire de Montsouris , ix. x,, 1908, 1909, 
should also be mentioned. 

§ (18) The Forms of Snow Crystals. — 
Dobrowolski, meteorologist of the Belgian 
Polar Expedition, classifies snow crystals in 
three types according to the ratio of the 
length of the principal axis to that of the 
secondary axes ; two extremes, laminae and 
needles, and an intermediate type, prisms. 
Transitional forms, thick lamina, and thick 
needles are very rare. 

(a) Ice - needles have usually been found 
stuck together in little bundles, but no doubt 
they are formed separately. Their length, 
averaging about 2 mm., far exceeds their 
I thickness, which is of the order 0*1 mm. 

Although earlier writers always describe the 
1 needles as hexagonal prisms, Nordenskjold and 
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Dobrowolski were not able to observe any 
definite crystalline form. Moreover, these ice- 
needles are believed to be derived from 



Fig. 8. — -A Halo Complex, St. Petersburg, July 18, 
1794, 10 A.M. 

The sun is shown at a. The observer recorded 
two circles with centres a and £, but theorists regard 
these as the circular halo of 22° with the upper and 
lower tangent arcs completed to make a circum- 
scribing ellipse. Parhelia are shown at cc, y , the 
antheiion at h and paranthelia at /, g , all on a hori- 
zontal circle, the parhelie circle. 

The parhelia x, y were coloured, as were the arcs 
from them to the inner halo, the “ Arcs of Lowitz,” 
so named after this observation. 

The faint arcs nlmd , ohld are the oblique arcs 
through the antheiion. 

The brightly coloured arc rcg is perhaps the Lower 
Arc analogous to Parry’s Upper Arc. 

The halo of 46° zzz is touched by the circnm- 
zenithal arc pzq, and by two infra-lateral arcs. 


relatively low and warm clouds, and axe 
^therefore not available for halo formation. 

(&) The fundamental prismatic form is the 
t4 hemim orphic prism,” which is a hexagonal 
prism surmounted by a pyramid, the principal 
section of the prism being a regular hexagon. 
The complete prisms which are found appear 
to be formed by the fusion of the pyramids 
of two hemimorphic prisms. There is usually 
a cavity inside each hemimorphic prism. As 
the cavity is near the base Dobrowolski 
thinks that there is probably a tendency for 
the prism to fall point downwards. 

(c) The flat crystals, which have been so 
frequently photographed, are very thin, the 
thickness being about one-tenth of the dia- 
meter. The simplest form is hexagonal, but 
this form is developed by a process of growth 
from the crystals with symmetrical branches 
(see Fig. 9). Probably the branches are 


formed when conditions are favourable for 
rapid growth, and the crystal is consolidated 
subsequently. Sometimes the processes alter- 
nate three or four times, as is shown by the 
complex pattern. Even when the crystal 
takes the simple hexagonal form it is not 
suitable for halo formation. The greater part 
of the light must impinge on the large hexa- 
gonal faces and pass straight through. It is 
only rays which happen to be exactly parallel 
to these faces which can pass through the 
crystal edgeways, and owing to the mode of 
growth such light is likely to be diverted by 
flaws. Moreover, there appears to be no 
evidence as to whether the other faces are at 
right angles to the hexagons. 

(d) Types ( b ) and (c) are frequently com- 
bined, giving a hemimorphic prism surmounted 
by a hexagonal lamina or a complete prism 
with a lamina at each end. The former 
arrangement is of importance, as the lamina 
will keep the prism vertical as it falls* Ac- 
cording to Dobrowolski this is because the 
lamina will act as a parachute. The experi- 
ments of Besson, who observed the behaviour 
of ebony models in water, 1 show that such an 



Fig. 9. — Snow Crystals. From Humphrey s’ P/n/xicM 
of the Air. Microphotographs by W. A. Bentley, 


object will fall point downwards provided that 
the width of the cap is greater than the height 
of the prism. Otherwise it will fall point 
upwards. 

1 Ann. Sac. MiUorologique de France , 1907, lv. 40, 
and Ann . de V Observatoire de Montsotiris, 1910* 
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In the classical works on the subject it was 
assumed without question that a falling body 
would set in such a way that it would meet 
with least resistance ; the ice-needles, which 
were invoked to explain some of the pheno- 
mena of the halo complex, were supposed to 
tend to set themselves vertically whilst the 
laminar crystals were expected to fall edge- 
wise. Everyday experience of falling bodies 
challenges the validity of these assumptions, 
and it is curious that they were accepted for 
so long. Some doubts on the subject were 
expressed by Bravais in a note published later 
than his famous memoir on halos, but it seems 
that it was not until 1901 that the opposite 
principle, that bodies fall in such a way that 
the air offers the maximum resistance, was 
enunciated by C. S. Hastings in this connec- 
tion. Experiments by Besson indicate that 
this principle is valid in so far as flat discs 
fall flat and long prisms with their axes hori- 
zontal. It is of interest to notice, however, 
than an hexagonal prism falls with an edge 
downwards, not a face. 1 This observation 
appears to invalidate the halo theory of 
Hastings, 2 which requires the presence of a 
large number of crystals with one of the 
diagonals of the prism horizontal. 

The general result of Dobrowolski’s dis- 
cussion is that the crystals effective in the 
production of the halo complex are likely to 
belong to classes (h) and (cl) — the hemi- 
morphic prisms with or without the cap 
having vertical edges and the complete prisms 
with or without caps having horizontal edges* 
He considers, however, that the evidence that 
these complete prisms are sufficiently numerous 
is insufficient. 

In the classification of the elements of the 
halo complex we shall use the following 
notation : 

X Prisms with random orientation. 

Y Prisms with edges vertical. 

7j Prisms with edges horizontal. 

YX Prisms with edges nearly vortical. 

In earlier works on the subject the Y group 
are regarded as ice-needles, the Z group as 
flat hexagons ; following Dobrowolski we 
suppose the Y group consists of the hemi- 
hedral crystals with or without caps, the Z 
group of complete prisms. Hastings 3 makes 
the Y group contain the flat hexagons, the 
Z group elongated prisms. 

§ (19) The Degrees of Freedom of Ice- 
crystals. — In the examination of theories 
put forward to explain the various pheno- 
mena, it is useful to count the degrees of 
freedom of the crystals which satisfy the 
conditions postulated. The distance from the 
observer being regarded as irrelevant, there 

1 del et Terre , 1907, xxviiL 310* 

2 Monthly Weather Review , 1920, xlviii. 322, 

2 W,, June 1920. 


are two degrees of freedom of position in the 
sky, two degrees of freedom for the orientation 
of the axis, one for rotation about this axis. 
The condition that the rays which pass through 
the crystal reach the observer deprives the 
crystal of two degrees of freedom, leaving 
three for the special circumstances. "If two 
of these are used up the phenomenon pro- 
duced is an arc, if all three are used tip the 
light must appear to come from one point of 
the sky, and the phenomenon is a mock-sun 
or parhelion. 

If, for example, the crystal must have the 
axis horizontal and the rays pass with mini- 
mum deviation two degrees of freedom are 
used up and the phenomenon is an arc. 
Making the axis vertical takes away two 
degrees of freedom, and if minimum devia- 
tion takes a third the phenomenon is a 
parhelion. 

§ (20) Refraction through two Faces 
inclined at 60°. (i.) Halo of 22°. X. 
Double Minimum. Deviation . — Alternate faces 
of a hexagonal prism are inclined at 60°. 
The index of refraction of ice being known, 
the minimum deviation of rays which are 
refracted at two such faces can be computed. 

The minimum has the smallest value when 
the axis of the crystal is perpendicular to the 
plane of incidence. It is then approximately 
22°. No sunlight passing through X crystals 
can reach the observer in any direction 
inclined at less than 22° to the direct beam. 
The angle is rather smaller for the red end 
of the spectrum. The halo of 22° which is 
red on the edge nearest the sun and falls off 
gradually in luminosity outwards is accord- 
ingly explained. The rays which have devia- 
tion more than the minimum account for a 
certain amount of luminosity outside the halo. 

(ii.) Parhelion , of 22°. Y. — When the 
prisms are all vertical a ray from sun to 
observer cannot pass through a prism in a 
principal plane. The minimum deviation is 
accordingly greater than for X crystals. 
Since there are three special restrictions on 
the degrees of freedom (vertical crystal 2, 
min. deviation 1) the image of a point source 
of monochromatic light would be a point. 
The parhelia explained in this way are highly 
coloured patches red on the side nearest the 
sun ; horizontal white streaks extending from 
the parhelia away from the sun are explained 
by rays which have not had minimum devia- 
tion. When the sun is low the parhelia are 
close to the halo of 22°, but for greater alti- 
tudes they arc well outside it. 

For example, with the sun 55° above the 
horizon the inner edge of the parhelion is 
distant 30 from the sun. 

(ii i, ) Extended Parhelia. YX. — Oscillation 
of tlie crystals about the vertical in all possible 
planes would give blurred and extended par- 
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h.elia ; such, have been photographed by 
Schultz. 1 

(iv.) Area of howitz. YX. — Tilting of the 
prisms is also the accepted explanation of 
these very rare arcs -which are seen below the 
parhelia connecting them obliquely with the 
halo of 22° (see Mg. 8). To produce arcs 
there must be some restriction on the freedom 
of oscillation. Possibly capped prisms oscillate 
most readily in such a way that a diagonal 
of the hexagonal cap remains horizontal. 3 

(t..) Upper and Lower Tangent Arcs. Z. 

Minimum, deviation through prisms with their 
axes horizontal accounts for these arcs which 
touch the 22° halo at its highest and lowest 
points. The shapes of the arcs depends on 
the elevation of the sun. When the elevation 
is very low the upper arc is a cupid’s bow, 
when the elevation is 35° or more the two 
arcs combine to form a curve approximating 
to a circumscribing ellipse. ° 

(vi.) Parry's Upper Arc. ZZ.— The are to 
which this name is given by Hastings is 
above the upper tangent arc. It is attributed 
by this author to the Z crystals which float 
not only with the axis horizontal, but also 
with a diagonal of the hexagonal cross-section 
horizontal. The deviation is not a minimum. 
Besson’s observation mentioned above indi- 
cates that isolated crystals would not be 
stable in the position postulated by Hastings. 
M. Besson has pointed out, however, that 
complex crystals built up of several prisms 
fitted together like so many spokes would 
float with, the spokes horizontal, and it may 
be that in such a case the cross-section of a 
spoke would satisfy the condition laid down by 
Hastings. J 

(vii.) Parhelic Sun Pillar . — A pillar of lio-ht 
such as appears over the sun in the photo- 
graph by Schultz, mentioned ab.ove, may be 
regarded as the combined halos of the two 
parhelia, i.e. it is formed by light passing 
through pairs of crystals giving equal and 
opposite deviation. 

§ (21) Refraction through two Faces 
inclined AT 90°. (i.) Halo of 46°. X 

Double Minimum, Deviation .— The ends of a 
hexagonal prism, whether simple or capped 
are at right angles to the other faces. Light 
can enter at the end and emerge at another 
lace or vice versa, so that the effective refract- 
ing angle is 90°. The corresponding mini mum 
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deviation is 46°. The halo of 46° about the 
luminary is explained at once. 

(ii.) Circumzenithal Arc. Y. — These arcs 
are analogous to the Parry arcs. They are 
due to hexagonal prisms floating with the 
bases horizontal. They are frequently called 
horizontal tangent arcs of the 46° halo, but, 
as Bravais shows, they are not true tangents ; 
they can appear when the 46° halo is missing, 
and they are especially brilliant when the 
only other phenomena are the parhelia of 
22° (also due to Y crystals). The arc is part 
of a true circle about the zenith. 3 The cir- 
cumhorizontal arc at the bottom of the 46° 
halo has only been recorded on few occasions. 
(Bravais quotes two examples — one solar, one 
lunar. Recent observations will be found in 
the Monthly W eaiher Review, 1916, 1917, 1918.) 

(iii.) Kerri’s Arc. Y. — This arc is at the 
same height as the circumzenithal arc on the 
opposite side of the zenith. Ekama 4 ex- 
plains it as due to light entering the hori- 
zontal cap, reflected from one vertical face 
and emerging through the opposite face. 

(iv.) Lateral Tangent Arcs of the 46° Halo. 
z -~ The infralateral tangent arcs of the 46° 
halo are convex to the sun. The height of 
the point of contact depends on that of the 
sun. Theorists agree that these arcs are due 
to such rays as enter a horizontal prism at 
one end and emerge through one of the long 
faces. In the theory of Bravais the prisms 
giving minimum deviation are selected. 
Hastings 5 postulates crystals with one face 
horizontal, and supposes that the light enters 
through the vertical end and emerges through 
a face inclined at 60° to the horizontal. Sym- 
metry suggests that supralateral tangent 
arcs should exist. If they do they have been 
confounded by observers with a brightening 
of the shoulders of the 46° halo. 

( v> ) Parhelia of 46°. — Parhelia at the inter- 
section of the parhelic circle and the 46° halo 
are observed, occasionally even in the absence 
of the halo. Unlike the parhelia of 22°, these 
parhelia are precisely on the 46° circle at all 
elevations of the sun. A satisfactory explana- 
tion is wanting. 

§ (22) Reflection Phenomena. The 
Parhelic Circle. Y. — A conspicuous feature 
of many halo complexes is a horizontal circle 
irough the sun; this is known as the mock- 
sun ring or parhelic circle. It is explained 
most simply by the external reflection of 
light from vertical faces of Y crystals, but it 
may be reinforced by light passing through 
such crystals and reflected internally and 
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perhaps by the light reflected from the ends 
of Z crystals. 

The Anihelion . (i. ) ZZ. — Observations of the 
anthelion, a luminous patch at the same height 
as the sun and opposite to it, are not common. 
In many cases this point is merely noticed 
as the intersection of certain oblique arcs, 
but Bravais considers its independent existence 
established. 1 The suggestions put forward for 
its explanation depend on reflection in suc- 
cession from two faces at right angles with 
a common vertical edge. Bravais proposes 
internal reflection, the light entering and 
emerging by the same face, whilst Humphreys 
puts forward the possibility of external re- 
flection from one face and from the under 
side of the cap of a hexagonal prism. In either 
ease the prism must be floating with a diagonal 
of the hexagonal section vertical. 

(ii.) Oblique Arcs through the Anihelion . — 
These two arcs cut the parhelia circle at the 
anthelion. They are usually confined to this 
neighbourhood, but occasionally they form a 
loop surrounding the zenith. Bra vais’s theory 
of the arcs depends on the striatum on the 
surface of tabular crystals and does not seem 
tenable. Hastings regards the arcs as pro- 
duced by light passing through Z crystals 
entering by a horizontal surface, reflected by 
the vertical end and emerging through a 
surface inclined at 00° to the horizon, but 
the details of this theory have not been 
published. 

(iii.) Paranthelia. Y. — Bright spots on the 
half of the parhelio circle nearer to the ant- 
helion are known as paranthelia* The best 
authenticated are 00° in azimuth from the 
anthelion, or 120° in azimuth from the sun. 
These are due in part to light which has been 
reflected internally at two vertical faces of a 
Y crystal. One way in which this may happen 
was shown by Soret ; numbering the vertical 
faces consecutively from I to 0 wo may 
suppose the light to enter by 1, to be re- 
flected by 3 and 5, and to emerge through 
2. Light reflected externally from re-entrant 
angles of star-shaped laminar crystals would 
also reinforce these paranthelia. 

(iv.) Paranthelia Arcs.— A short arc is occa- 
sionally observed passing obliquely through 
the paranthelia of 120°. The explanation is 
still in doubt. 

(v.) Sun Pillars . Y. — Sun pillars arc 
vertical white streaks passing through the sun. 
They are host seen when the sun is below the 
horizon. They are accounted for by the 
external reflection of light by flat laminar 
crystals. Such crystals will not remain quite 
horizontal as they flutter downwards. The 
drawn-out image of the sun is analogous to 
the reflection in the rippled surface of a lake. 

1 More recent observations have been recorded, e.g. 
at Montsouris, April 5, 1809. 


(vi.) Pseudhelia . Y. — Analogous to the sun- 
pillars are pseudhelia, reflections of the sun 
seen when the observer is above the cloud. 

(vii.) The Halo of 90° and the Paranthelia of 
90° are white and should perhaps be classed 
as reflection phenomena. They are rare, 
however, 

§ (23) Refraction through two Faces 

INCLINED AT ANGLES OTHER TUAN 60° OR 90°. 
— Halos with abnormal radii have been reported 
occasionally. The evidence has been sum- 
marised by Besson, who groups the observa- 
tions as follows : 2 


Name of First 
Observer. 

N umber of 
Observations, 

Radius 

observed. 

Van Bui j sen 

8 

7* 30' to 10° 

Rankin 

0 

17% 18° 

Burney 

G 

18° 30', 20° 

Du th oil 

1 

24“ 

Schemer 

5 

28° 

Feuilleo 

4 

32° to 35° 


III some of the observations three of the 
abnormal halos were seen simultaneously and 
in others they were seen together with the 
22° halo. Besson comes to the conclusion n 
that all with the exception of ScheincFs can, 
be explained by a single hypothesis. This 
hypothesis is that each of the operative ioo- 
crystals is in the form of a hexagonal prism 
with edges cut off by facets inclined at 25° 14' 
to the principal axis. Rays of light may 
intersect cither two such facets or one facet 
and the base or a side, so that sufficient variety 
in the refracting angle is provided for. It 
should be mentioned, however, that Besson 
is not able to quote direct evidence for the 
existence of crystals with facets at the 
inclination he postulates. F§ ^ w# 

METERS * 

I. Tachometers, Speicdometers, and 

MlSU ELLAN EOUH H REED-l N 0 10AT1NG DEVICES 

On h of the most important q uanti ties of 
ordinary engineering practice is the rate of 
revolution of rotating parts. For instance, it 
is necessary to know the r.p.m. of machinery 
accurately in order to maintain the frequency 
of electrical alternating supply, to iix the most 
economical speed of machine tools, and for 
safeguarding machinery parts from excessive 
loads due to over-running. The angular velo- 
city is an essential factor in the measurement 
of power output by dynamometer tests. 

In addition to the above applications taoho- 

a Paris, Cnm-pt.es fie m/us, ICliO, eixx. JJJ'M. 

a ih'uL p. non. 

1 The writer desires to record his indebtedness to 
Messrs. Geor&e KoutleiUm <V Sons for permission to 
draw upon material published In ISnQineerhm Instru- 
ments and Meters, In the preparation of this article. 
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meters are often used to deduce the linear 
speed of motor vehicles and locomotives from 
the speed of rotation of their wheels. 

The simplest workshop method of estimat- 
ing r.p.m. is by the use of a geared counter 
in conjunction with a watch. Such counters 
are made in various forms. 

§(1) Counter Instruments. — A develop- 
ment of the counter principle in a convenient 
form is found in the Hasler instrument. In 
this device the watch and counter are combined 
and the operation of pressing one button winds 
the watch, automatically connects the counting 
train to the driving shaft for a definite period 
of seconds, and then disconnects it. The 
graduation on the scale is arranged to read 
revolutions per minute directly. A diagram- 
matic sketch of the mechanism employed is 
shown in Fig . 1. The downward movement 

of the button 
depresses a rack 
against the pull 
of a small spring ; 
when the button 
is released the 
spring drives 
the escapement 
wheel at a 
definite rate 
under the con- 
trol of the bal- 
ance wheel and 
lever. The shaft 
of the escape- 
ment wheel ear- 
Fio. 1. ries a cam, which 

after a rotation 
corresponding to one second releases the large 
ratchet wheel connected to the pointer. The 
wheel and pointer are then carried around by 
friction with the counter train for three seconds, 
after which interval the cam has rotated to a 
position in which the pawl is pressed up to 
arrest the motion of the ratchet wheel. The 
zeroising button returns the pointer to zero 
after use in the same manner as a stop watch. 
A simple gearing in the coimter train causes 
the pointer to rotate in a clock- wise direction 
for either direction of rotation of the driving 
shaft. The instrument is very convenient and 
accurate in practice. It has the advantage of 
only needing a short interval of time for a 
determination of the speed. 

Other combinations of watch and counter 
are in common use, but the two units are 
usually kept more distinct than in the above- 
described instrument. 

For the continuous indication of speed the 
tachometers employed may be broadly classified 
into five groups, according to the principle upon 
which their action is based, which may he : 

(a) Centrifugal force. 

(&) Chronometric action. 


(c) Magnetic drag. 

(d) Electrical similar to dynamo. 

( e ) Viscous drag. 

In the following description no differentia- 
tion is made between tachometers and speed- 
ometers, since the only point of variation is 
usually the addition of an adding device or 
totaliser to the mechanism of the tachometer 
to convert it into a speedometer. 

§ (2) Mechanical Centmettgal Instru- 
ments. — Centrifugal tachometers depend upon 
the variation of the centrifugal force exerted 
by small masses rotating in a circle. The force 
tending to move each mass outward is pro- 
portional to the square of the angular velocity, 
multiplied by the radius of the circle in which 
it rotates. The masses are usually restrained 
by a spring, and the outward movement 
magnified by levers and gears. 

The relation between displacement and speed 
varies for each particular design of instrument 
depending upon the configuration of the lever- 
system and type of spring control. The cali- 
bration cannot usually be predicted d priori. 
The chief endeavour of the designer is to make 
the lever arrangement such that the gradua- 
tions on the scale are as nearly equidistant at 
all parts as possible. 

In one form three equal discs are arranged 
on short connecting levers at equal angles 
around the central spindle. These discs are 
thrown outward by the centrifugal force against 
the influence of the helical spring, and the 
movement is transmitted through the collar to 
the geared quadrant which actuates the pointer 
wheel. The scale obtained is fairly uniform 
over an angular range of about three hundred 
degrees. The governor type of instrument is 
not much favoured owing to the comparatively 
large number of joints in the levers which are 
apt to wear and cause back-lash. Generally 
the centrifugal masses take the form of a ring 
pendulum or a crossbar free to swing about 
an axis traverse to the rotating spindle. 

A typical example of a ring pendulum 
mechanism is shown in Fig. 2, and is largely 



used for stationary machinery. This instru- 
ment was invented as far back as 1884 by 
Schaffer and Budenberg. The driving shaft 
carries a circular disc of metal B, the position 
of which when the shaft is at rest is rendered 
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oblique to the shaft by means of a coil-spring 
contained in the barrel C. When the shaft 
rotates the centrifugal force tends to turn the 
ring, so that its plane is at right angles to the 
axis of the shaft. The movement of the ring 
is communicated by the rods D to the sleeve 
E, and thence through the ball joint E to the 
crank arm which actuates the quadrant and 
gear on the pointer spindle. The scale ob- 
tained is fairly uniform, hut widens out some- 
what at the middle of its range. 

A lightly constructed modification of the 
above instrument is used on motor vehicles 
and aero engines. The ring is replaced by a 
crossbar, to which is fixed a pair of weights 
and a sliding muff, which gives a very simple 
form of construction. The control spring is 
a flat coiled spring, and the motion is com- 
municated by the connecting links to a sliding 
muff or collar. The groove in this collar 
engages with a cranked pin on the gear 
quadrant, which in turn actuates the gear wheel 
on the pointer spindle. A small spring is fitted 
to the pointer spindle to take up back-lash. 
The pointer rotates through nearly one com- 
plete turn for the full range, and in some 
cases, in order to give a still more open scale, 
the graduation is arranged to start at, say, one 
quarter the full scale reading by putting an 
initial tension on the spring. Three-quarters 
of the scale is thus spread out to occupy the 
full length. Instruments of this type are not 
dynamically balanced at all speeds, and the 
couple at right angles to the driving spindle 
often causes the entire instrument to vibrato 
slightly if it is not rigidly mounted. Com- 
plete balance can be obtained by using two 
weighted bars disposed symmetrically on either 
side of the shaft. 

The indications of any centrifugal instrument are 
the same for either direction of rotation. A few general 
considerations with regard to the design of such in- 
struments might be mentioned hero. The number of 
joints and lovers should be kept as small as possible 
to avoid friction and slack due to wear. A hairspring 
should always be fitted to the pointer spindle to take 
up back-lash as a little play is inevitable, particularly 
at the groove in the sliding collar. All the moving 
parts, including the gear quadrant, should be statically 
balanced to eliminate the e fleet of accelerations when 
the instrument is used on vehicles. The inertia of 
the moving parts should be as small as is consistent 
with sufficient power to actuate satisfactorily, 
especially if the instrument is to be used on machinery 
subject to sudden fluctuations of speed. Otherwise 
the driving shaft, if of the flexible type, is liable to 
be over-stressed by the inertia forces when the speed 
varies rapidly. The accuracy can be within ± l 
per cent under ordinary conditions, although the 
author has found commercial instruments of the 
speedometer class to be in error often by as much 
as (> per cent at full scale. The temperature co- 
efficient is almost negligible for ordinary work. 

§ (3) Chronometrio Instruments. — The 
name chronometrio is generally applied to a 


class of instruments in which the number of 
revolutions made by the driving shaft is auto- 
matically and repeatedly counted for small 
equal intervals of time. The mechanism con- 
sists of a small clock escapement fractionally 
driven from the driving shaft, and some device 
operated by the clock which connects the 
driving shaft to the counting train for a definite 
time interval. 

As a typical example, one of the least com- 
plicated of this class made by Van Sicklen 
will he described. This instrument counts the 
revolutions for repeated periods of one second, 
the pointer remaining steady at the reading 
for the average speed during the previous 
count. The mechanism is shown diagram - 
matically in Fig. 3, the trains of wheels being 
omitted for clearness. 

The rotation of the 
driving shaft winds up 
by, friction a watch 
spring which drives 
the escapement wheel. 
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The spring barrel is fixed to the shaft which 
carries three cams. The escapement allows 
the cam shaft to make one thirty-second of a 
revolution suddenly every half -second. One 
of the earn followers moves the fine-toothed 
wheel on the driving shaft in or out of engage- 
ment with another wheel which is loose on the 
pointer spindle. The cam allows the wheels 
to engage for exactly one second. A similar 
fine-toothed wheel is fixed to the pointer, both 
of the wheels being controlled by hairsprings 
tending to return them to a zero stop. The 
other two earns actuate pawls working on the 
two wheels. The pawl on the loose wheel 
allows it to return to zero after each operation, 
so that the angle through which it is turned 
when thrown into gear with the driving shaft 
for one second is a measure of the r.p.m. of 
the latter. A projection on the loose wheel 
catches against a spring arm fixed to the 
pointer wheel and carries this wheel around 
with it. While the loose wheel is released to 
return to zero the first wheel is held by the 
pawl. Should the speed vary, the spring 
attached to the pointer wheel is pushed for- 
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■ward, and the wheel takes tip a new position 
when released by its pawl. When a decrease 
in speed occurs the wheel falls back until the 
spring reaches the projection. Thus the 
pointer does not return to zero after every 
count, but remains indicating the speed for 
the previous second. 

Other instruments of this class have more elaborate 
mechanism ; for example, the 4 4 Tell 55 instrument 
has three vertical parallel shafts. The first carries 
three sets of cams, and its speed of rotation is governed 
and kept constant by the escapement. These cams, of 
which there are six, act through six levers on to three 
double crown wheels mounted loosely on the second 
shaft. Three levers have ratchet ends which engage 
with the teeth on one side of the crown wheels, and 
lock them, whilst the other levers actually lift the' 
crown wheels and bring them alternately in and out 
of mesh with pawls which are carried round by the 
second shaft, which is driven from the main driving 
spindle of the indicator, the speed of which is required 
to be known. Each double crown wheel drives one 
of three fairly large diameter wheels on which a pin 
projects which carries forward a bar fixed on two arms 
and rotating on the same axis. The second and third 
double crown wheels act in a similar way at equal 
intervals of time, in such a way that the preceding 
wheel is not “ unlocked 55 until the next one has 
been urged forward and locked in the position to 
which it has been wound in the interval during which 
it is driven from the main spindle. 

The action is as follows : The cams throw a double 
crown wheel into mesh with the driving spindle for a 
definite period of time, and at the instant of being 
thrown out of mesh they are locked in position. 
During this time the bar has been carried forward 
against a spring which tends to return it to a zero 
position. Before the first wheel is unlocked a second 
has gone through the same cycle and subsequently 
maintains the position of the bar unless the speed has 
altered in the interval, in which case it pushes it 
farther forward for an increasing speed and lets it 
back if the speed has decreased. The large wheels 
gearing with the double crown wheels are also 
. returned to a zero position by means of a spring. 
The movement of the bar is recorded by the pointer 
through a special form of rack and pinion gearing. 
There are, of course, several other well-known 
chronometric tachometers, such as the Jaeger and 
Isochronous, but they do not differ sufficiently from 
the foregoing to need special description here. 

Chronometric instruments have a perfectly 
uniform scale over the entire range of speed 
indicated, and, moreover, the scale is fixed by 
the dimensions of cams and wheels and can 
only be changed by the wearing down of the 
cams or changing the wheels in the counting 
train. The accuracy of the best class of com- 
mercial instrument is within ± \ per cent of 
full scale reading. The attainable accuracy is, 
however, governed by the size of the teeth on 
the wheels, since in some instruments the 
width of a tooth may be equal to several r.p.m. 
divisions on the scale. The temperature co- 
efficient is practically that of the time element 
in the mechanism and negligibly small. If a 


flexible driving shaft is used this should be 
arranged to run very steadily, otherwise a 
movement of the pointer occurs up and down 
in small jerks, rendering a true average difficult 
of estimation. 

§ (4) Centrifugal Fluid Tachometers. — 
Tachometers depending upon the centrifugal 
forces brought into play by the whirling of 
fluids are characterised by the simplicity of 
their construction and by the fact that the 
calibration can usually be calculated from the 
dimensions of the instrument 
without reference to a standard 
for comparison. This, of 
course, is a considerable ad- 
vantage. The most elementary 
example of the fluid type is 
the rotating cup used as a 
rough indicator on centrifugal 
cream-separators, etc. When 
a body of liquid is rotated in 
an ojDen vessel the free surface 
of the liquid takes the form of 
a paraboloid with its apex on 
the axis of rotation and pointing downwards. 
Fig . 4 is a sketch of the form of the liquid 
surface. 

It can be shown that the depression h is 
given by the expressions 
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where r = radius of free surface, 

= speed in revolutions per minute, 
g = acceleration due to gravity, 
c o = angular velocity in radians per second. 

The value of h therefore depends on the 
square of the speed and the device is thus most 
suitable for high speeds. Since the depression 
is also proportional to the square 
of the radius of the free surface, 
it is evident that, if the shape of 
the cup is other than parallel, the 
calibration can be made to vary 
from the square law, and shaped 
cups are sometimes used in 
practice. 

An interesting case of whirling 
liquids is that in which the liquid is 
contained in a closed cylinder, and 
the edge of the parabola reaches the 
top of the vessel after a certain speed, as shown in 
Fig . 5. It can be proved theoretically that the 
depth 7q of the parabola after this critical value 
becomes a linear function of the speed. 



Fig. 5. 
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where h x is the depth from the top of vessel* h is the 
depth of paraboloid just as it touches the top. 
r is the radius of cylinder. 
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The calibration will therefore vary as the square 
of the speed up to a certain value determined by 
the point where the liquid edge just touches the top, 
and above this value of the speed the depth of the 
apex will vary directly as the speed. This particular 
form of cup is the one generally used in tachometers. 

§ (5) Centrifugal Pump and Pressure 
Gauge Instrument. — Tachometers which 
utilise the dynamic head or the suction created 
by an elementary centrifugal pump are a 
well-known class of speed-measuring instru- 
ments. This principle was first used by 
Stroudley in 1879. In one form of instru- 
ment a small impeller with radial vanes 
rotates in a chamber containing liquid, and the 
head due to centrifugal force on the rotating 
fluid is transmitted to the column above the 
body of the instrument. A small reservoir 
surrounds the bottom of the tube to indicate 
the zero or datum line of pressure, and it is a 
very important point that this should not 
change due to leakage, etc., as any variations 
in level affect the height of the pressure 
column by an equal amount. 

The calibration of the scale is very nearly 
proportional to the square of the speed, and 
the instrument is well suited for fairly constant 
speed machinery, since the indication can be 
arranged to occur at the upper or open part 
of the scale by the use of the appropriate 
gear ratio. The accuracy of fluid types of 
tachometers depends very largely on the 
construction and the conditions under which 
they are used. 

All the above instruments are of course independent 
of the density, as this factor enters directly into the 
dynamic head produced by the pump and the 
hydraulic head of the measuring column. Also for 
the same reason they have a very small temperature 
coefficient, provided all the liquid is at a uniform 
temperature. This condition requires that self- 
heating in the pump should be negligible. 

§ (6) Aerodynamic Tachometers.— Instru- 
ments depending upon the centrifugal force 
exerted by an air column when rotated, have 
found some slight application. Their chief 
merit lies in their simplicity. 

The usual arrangement is shown in Fig. 6. 
The tube A rotates about a vertical axis, and 
the centrifugal force on the particles of air 
contained in the tube creates a radial pressure 
gradient. The pressure at the open end of the 
tube being equal to that of the atmosphere, a 
suction is set up at the centre, and this suction 
is measured by a 17-tube, or a sensitive vacuum 
gauge fixed at any convenient point. The 
joint between the rotating tube and the 
stationary tube is effected by a simple mercury 
seal. The suction obtained varies as the 
square of the speed and is, of course, very 
small even when the instrument runs at a 
high speed. 

One of the disadvantages of this typo of 


instrument is the influence of the variability 
in the atmospheric density due to changes 
in the barometer and the temperature. An 



error amounting to several per cent is possible 
from day to day due to these causes. 

Another pattern of aerodynamic instrument which 
does not, however, depend upon centrifugal force is 
the Air-Vane type. The principle of this device is 
the use of two small air vanes mounted in close 
proximity, one rotated by the driving shaft and the 
other pivoted and free to rotate under the control 
of a spring. The torque on the pivoted vane depends 
approximately upon the square of speed of the dri ven 
vane and directly upon the density of the surrounding 
medium (air). The spring is so arranged that the 
controlling force increases with the deflection to 
counteract the increased torque, and this gives a 
fairly uniform scale. The disadvantage of variable 
density, already mentioned, limits the accuracy 
obtainable. Moreover, the rotation of the vano 
, itself tends to heat up the air inside the case, which 
results in a change of density. This inaccuracy 
could be eliminated by hermetically scaling the ease, 
but the expedient would give rise to serious practical 
difficulties in the construction. 

§ (7) Magnetic Tachometer.— It is a well- 
known fact that if a magnet is rotated near a 
sheet of electrically conducting material, the 
sheet will experience a couple about the axis 
of rotation of the magnet due to the eddy 
currents induced in it by the motion of the 
magnet. 1 Tachometers designed on this simple 
principle have found extensive application. 
The two best known instruments of the class 
are the “ Warner 55 and the u Stewart/’ 

The Warner instrument (Fig, 7) .has a metal 
drum A mounted on the axis B, so that its rim 
cuts the field due to the magnet C. The magnet 
is rotated by a shaft connected to the machine, 
whose r.p.m. is being measured. The eddy 
currents induced in the drum drag it around 
against the action of the spring E. The edge 
of the drum is graduated and viewed through a 
small window at the side. The divisions arc 
equidistant at all points of the scale. The 
adjustment for calibrating the instrument is 

1 This principle is frequently used in the design of 
1 a damping device in electrical instruments. 
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made by simply screwing the bearing in or 
out to decrease or increase the air-gap in the 




Magnet 
ITU. 7. 


magnetic path, and thus vary the deflection. 

The Stewart instrument is simpler, the 
magnet being circular, as shown in A (Fig. 8). 
The eddy current disc, as in the Warner, is 
made in the form of a drum 33, fitting over 
the magnet with one long pivot C in the axis 
of the magnet. In order to reduce friction no 
bearing is fitted at the top, 
where the control spring C 
is fastened. The gradua- 
tions in the simplest form 
are printed directly on the 
edge of the drum. A simple 
method is employed to 
set the calibration. The 
magnet A is provided with 
a small soft iron plate, 
fitting tightly on the axis, 
and by rotating this plate 
by a very small amount 
relative to the magnet, 
with which it turns, more or less of the magnetic 
field can be short-circuited. The magnetic field 
in which the drum moves can therefore be 
changed and the calibration set, or corrected at 
any time, provided the magnet is not too weak. 

Some instruments are fitted with a mileage 
counter to Tender them suitable for motor-car 
work as speedometers. 



The temperature coefficient of this type of tacho- 
meter is usually very large, being of the order of & per 
cent per degree centigrade. To obtain as great torque 
as possible on the disc for a given speed the magnetic 
field should be strong and the disc of low electrical 
resistance. The first factor is limited by the size of the 
magnet, which must not be cumbersome or possess a 
large moment of inertia. The second factor, low elec- 
trical resistance, demands the use of a pure metal, such 
as silver, copper, or aluminium. Aluminium is the one 
in general use on account of its low density. These 
metals have temperature coefficients of resistance of 
the order of 0*4 per cent per degree, and to completely 
eliminate this factor would necessitate the use of some 


alloy, such as manganin, which has the attendant dis- 
advantage of high specific resistance. If a drum 


of this alloy were used the torque would he reduced 
in the inverse ratio of the electrical resistance, 
i.e. 1 to 30 approximately. It is not, of course, 
difficult to devise automatic compensation for the 
temperature coefficient, but in commercial practice 
very little attention is paid to the point, cheapness 
of construction being a vital consideration. One 
continental instrument, however, has a compensat- 
ing device which varies the air gap by the use of a 
liquid-filled capsule. Also, some models of the 
Warner instrument have a bimetallic strip com- 
pensator, and this is effective. 

§ (8) Electrical, Tachometers, Magneto 
Generator Instrument. — This type of tacho- 
meter is widely used under conditions where 
the indicator has to be placed at a consider- 
able distance from the machine whose speed 
is required, as, for example, on board ship. 
The essential part of the device is a small 
dynamo generating continuous or alternating 
current ; this generally takes the form of a 
permanent magnet dynamo. A suitable volt- 
meter is employed with a scale graduated 
in r.p.m. A generator of the continuous 
current type is shown in Fig . 9. The armature 



may have from six to eighteen slots, according 
to circumstances, and it is desirable that 
it should he wound with the maximum 
number of turns in order to obtain a high 
voltage. This armature rotates in a tunnel 
in the soft iron shoes fitted to a permanent 
magnet or alternately in a tunnel ground 
in the ends of the magnet itself. The clear- 
ances between the rotating parts should be 
made very small, as this is advantageous in 
two ways : it helps to maintain the strength 
of the magnet constant, and also gives a 
stronger magnetic field. The commutator and 
brushes both require careful design and skilled 
workmanship. Carbon brushes need a con- 
siderable pressure and are liable to chatter 
under vibration. They are, moreover, sus- 
ceptible to any readjustment, and must be run 
In before the calibration becomes consistent. 

The modem tendency is towards brushes 
made from narrow strips or fingers, both 
brushes and commutator being made of silver 
or gold to avoid oxidation. The current 
taken from these generators is so small that 
armature reaction does not enter into con- 
sideration, and the voltage generated is almost 
exactly a linear function of the speed. The 
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indicator is a standard electrical instrument 
of moving coil pattern, as shown in Fig. 10. 

This instrument is 
connected by a pair 
of insulated wires 
to the terminals of 
the generator, and 
the distance between 
the two units is 
q uite i m m a t e r ia 1, 
provided the elec- 
trical resistance of 
these leads does not 
b ec o me co mparab I e 
with that of the 
instrument. The current in the circuit is usu- 
ally not more than about one -hundredth of an 
ampere at full scale, and as the magneto 
generates at least five volts per thousand 
revolutions per minute, a large swainping 
resistance is employed in the circuit. 

The object of generating a comparatively high 
voltage and then using a high resistance in the 
circuit is twofold. 1 In the first place it renders the 
variations in the resistance of the connecting wires 
tm important, and, secondly, it enables the eil'ects 
of changes in temperature to be rendered small. 
The temperature coefficient is the most serious 
difficulty in connection with the design of electrical 
tachometers. Tcmpomturo changes affect (a) the 
magnetic strength of the magnets in both instrument 
and generator; (h) the strength of the control spring 
in th© instrument ; and (c) the resistance of the 
windings of both indicator and generator. The 
temperature eotyffkncmfcs of the magnet and tho 
spring in the indicator may, to some extent, counter- 
act one another; but the temperature effect on the 
magnet of the generator remains uncompensated. 

The resistance of the copper winding can bo made 
small in value in comparison with total resistance. 
This artifice, however, only affords a partial solution 
of the difficulty, and it would he preferable to eliminate 
copper entirely from the windings of both the indi- 
cator coil and the generator armature and use an 
alloy of negligible temperature coefficient such as 
manganin. The writer has tried tills and found it 
successful, the only practical difficulty being the 
stiffness of the manganin when winding the moving 
coil former. It would of course bo possible to use 
very fine wire under these conditions* since the 
4< swamp” .resistance is not then required and need 
only be retained for the purposes of adjustment to 
secure correct range and i nterohan geabili ty. 

The temperature eoofliedentof a well -designed spoed- 
measuring set can be made of less than 0-1 per cent 
per degree 0., but the average instrument is found 
to have a temperature coefficient of more than twice 
this amount. It is advisable to shield the instru- 
ments, both generator and indicator, in soft iron 
eases to eliminate the effect of stray fields and the 
proximity of magnetic material. 

Alternating - current tachometers were at 
one time used to a considerable extent on 
motor vehicles, and these were very simple 
in construction. The generator was of the 
1 See u Voltmeters,” Vol. II. 


simple inductor type with a stationary 
winding and without either brushes or slip 
rings. The indicator was a miniature hot- 
wire instrument, the indication depending 
on the expansion of the wire due to the 
heating effect of the electric current. A sketch 
of the complete instrument is given in Fig. 11. 
The arrangement wa>s cheap to construct 
and compact In form, but no attempt was 


.1.0 o. 11. 

made to attain great accuracy or to reduce 
the temperatu re coefficient. 

§ (!)) SQ/xiiRnKL Cagk Siushji) Indicator. — 
An interesting instrument, which depends 
upon the angular position of the resu Itnnt 
of two magnetic fields in the interior of a 
squirrel cage winding, has been invented by 
Mr. E. B. Bmwn, 1 of Melbourne. The instru- 
ment consists of a cylindrical soft-iron arma- 
ture core, which can be rotated on its axis 
between polo- pieces attached to a permanent 
magnet. This armature is provided with slots 
or tunnels carrying a number of insulated 
conductors short-circuited by rings at both 
ends of the armature in a manner similar 
to the well-known squirrel cage winding used 
in A.O. motors. At one end of the armature 
the squirrel cage projects considerably beyond 
the armature core, as shown in Fig. 12, in 
which A in the armature core (which may be 
laminated), 0 are the conductors (which may 
be any number from throe upwards), and R t 
and It 2 arc the short-circuiting rings. The 
.conductors C are insulated, in the slots from 
the core, but the ring Rj need not be insulated 
and may bo sweated or screwed on to the core. 
When the arm at u re is r o tated b ot worn th © 
pole- pieces of a permanent magnet, El.lVOVs 
arc set up in the conductors. If the rotation 
round the axis (assumed vortical) be in the 
direction of the arrow (Fig. 13), the E.M'.lVs 
will be upwards on the left-hand side of the 
armature, and downwards on the right-hand 
side. There will eonsequently be a belt of 
current flowing up one side of the armature 
and down th© other- The direction of the 
current in the conductors is indicated in 
Fig. 13, and also the forward displacenumt of 
the lino of zero cu rrent, which results from the 
self -induction of the armature winding. 

1 Whe Electrician, 1917, Ixxx. 117. 



Fro. 10. 





540 


METERS 


In Fig . 13 OE represents the magnetic field 
due to the currents in the armature, OF 
the field due to the permanent magnets, and 



OR the resultant. The direction of OR, “ the 
resultant field/ 5 depends on the speed of 
rotation of the armature, and it is only 
necessary to add a small pivoted vane of soft 
iron attached to a pointer and some form of 
damping mechanism, to make the apparatus 
a practical speed indicator. The soft iron is 
enclosed in a fixed tube to prevent the action 
of air currents (this is omitted from the 
diagram for clearness), and is attached to a 
vertical pivoted axis, which also carries an 
air-damping vane and a pointer moving over a 
graduated scale. Fig. 14 gives a calibration 
curve of an instrument of this type. 
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As is usual in such instruments, the moving element 
is balanced about its axis, so that the instrument 
can be used in an inclined position. No control 
spring is necessary, because the plate of soft iron 
takes up the direction of the resultant field, while 
moderate variations in the moment of the magnet 
will not affect the indications of the instrument, 
since they affect both initial and deflecting fields in 


the same ratio, and thus the direction of the re- 
sultant is unchanged. 

§ (10) Viscosity Instruments, (i.) Vis» 
cosity of Mercury Tachometers *— Tachometers 
making use of the variations in the viscous 
drag on a solid immersed in a whirling fluid 
have been developed in a variety of forms. 
In one type, which is used on aircraft, the 
arrangement consists essentially of a perforated 
circular disc fixed to the driving shaft and 
rotating close to a small cross-arm fixed to the 
pointer spindle, as shown in the sketch {Fig. 
15). The disc and arm are contained in a 
cavity full of mercury. 

The mercury, being 
carried around by the 
disc, tends to drag the 
cross-arm with it against 
the pull of the spiral 
spring. The torque 
exerted upon the arm 
depends approximately 
upon the square of the 
speed, and the scale 
opens out in the middle, 
but closes in rapidly 
near the top, due pre- 
sumably to slip between the mercury and 
the plate. The device is very simple and 
compact, the mercury chamber being only 
about one inch in diameter. The instrument 
is fairly reliable ; its chief disadvantage lies 
in the fact that the spindle of the pointer has 
to pass through a hole and be made mercury- 
tight. The friction here must necessarily be 
more than if the spindle were pivoted. The 
temperature coefficient of viscosity is small. 
In the case of a well-made instrument the 
temperature coefficient was found to be 0*03 
per cent per degree 0., and this includes the 
temperature coefficient of the control spring. 

A slightly different type of mercury viscosity 
instrument to the above has been made for 
use on motor vehicles. This particular instru- 
ment employs a .rotating cup containing 
mercury immersed in which is a small drum. 
The drum is fixed to the pointer spindle and 
controlled by spiral springs. This spring 
control is of a novel type in so much that an 
attempt has been made to equalise the spacing 
of the graduation by the use of three control 
springs of different strengths ; these springs 
are not rigidly fixed to the spindle carrying the 
pointer, but come into . action on contact 
with a stop on the spindle at a definite angular 
position. The controlling force is thus due to 
one spring only at the beginning of the scale 
and to the sum of three springs at the top 
end when the torque due to viscosity is 
greatest. 

(ii.) Viscosity of Air Tachometers. — The 
advantages of using air as the viscous medium 
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in a tachometer are obviously considerable, 
sine© the spindle need not pass through a 
liquid- tight joint. But, on the other hand, the 
forces obtained are very much smaller than 
those available with liquids, such as mercury, 
and consequently the workmanship must be 
very good to produce a satisfactory instrument. 

A speedometer has been introduced recently 
by the Waltham Watch Co., in which the 
viscous drag between con- 
centric cups is utilised. 
The device consists of two 
brass cups fixed to the 
driving shaft, telescoping 
into which are two inverted 
aluminium cups pivoted 
and controlled by a spiral 
spring. The arrangement 
is shown in sketch. Fig . 16. 
The air-gap between the 
adjacent walls of the 
rotating and stationary cups 
is only half a millimetre. 
The aluminium cups are 
very light, the wall being 
only 0*08 of a millimetre in thickness. The 
spindle is mounted in jewel bearings : the 
method of mounting is shown in sketch. Fig. 16. 

The scale is marked on the outer surface of 
the aluminium cups. The graduation of the 
scale is uniform, the deflection being propor- 
tional to the speed. 

It can bo shown by experiment that the drag 
between two surfaces close together in relative 
motion is of the form : Torque oc V.v/r/, 

where V — relative linear speed of the surfaces, 

,9— area of surface, 

and de* distance between them. 

This law holds up to a critical velocity, after which 
the index of V increases to approximately the second 
power. The fluid instruments already considered 
work over a range of velocities above this critical 
velocity, since its value is very low for liquids. The 
air viscosity instrument is arranged to run at low 
speed (about 1000 r.p.m. at full . scale), and the 
greater torque incidental to high speeds of rotation 
is sacrificed to retain the linear calibration. An 
arrangement is provided to cause frictional damping 
when fluctuating speeds are measured. This consists 
of a small disc at the top of tlie drum spindle, 
the surface of which bears a jewel on the end of a 
spring, so that l>y varying the pressure more or less 
friction is introduced ; such damping is of course 
obtained at the expense of sensitivity. 

§ (II) Resonance Tachometers.— Resoa- 
ance instruments of the reed type are often 
used in electric generating stations where 
machinery runs at a fairly constant pre- 
determined speed. It is a well-known fact 
that if a flexible bar or reed is rigidly connected 
to a support which is vibrating or subject to 
impulses of definite frequency, the bar will 
vibrate in resonance with a considerably 


greater amplitude than that of the support 
if the period of the impressed oscillation is 
equal to, or is a definite multiple of, the 
natural period of vibration of the bar. Gener- 
ally a piece of rotating machinery possesses a 
slight out of balance effect which sets the 
entire machine and bed-plate in vibration, 
and usually the oscillations set up have the 
same period as the speed of rotation. A reed 
of the appropriate period will therefore 
resonate if fixed to any pai't of the machine. 
In practice an instrument is made up of a 
series of reeds of uniformly decreasing period* 
as shown in Fig . 17. The reeds usually take 



Fig. 17. 


the form of steel strips of varying lengths 
loaded at the end, the period being initially 
adjusted by filing down the weight. The 
weight of the white paint on the tips has an 
appreciable effect on the natural period of the 
reed and consequently it must not be liable 
to flake off or absorb moisture. 

If the number of reeds cover a wide range of 
speed, then more than one reed will respond 
to a given vibration, since the reeds whoso 
periods are multiples of the particular fre- 
quency will be set oscillating. The primary 
frequency can, however, be recognised as that 
of the reed having greatest amplitude. The 
case of the instrument is usually mounted 
direct on the machine. The amplitude of 
the reed is normally as shown in Fig. 18, but 
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if found to bo. insufficient for easy observation, 
use can be made of a springy support, such as 
a steel arm, for the case ; on the other hand, 
if the amplitude is too groat, then a pad of 
soft material, such as felt, is interposed 
between the case and its support. 

This typo of tachometer is sometimes used 
as a transmitting instrument by the addition 
of an electromagnet to excite the reeds and a 
make and break contact on the rotating shaft ; 
the instrument then being identical with the 
electrical frequency meter used on alternating- 
currcpt circuits. 



542 


METERS 


§ (12) Miscellaneous Tachometers — 
Royer Recorder. — The indication of this 
tachometer depends upon the pressure 
generated by a pump delivering oil through 
a variable orifice. The instrument is designed 
primarily as a recorder for railway work. 
The pump is of the well-known type, employing 
two meshed cog-wheels driven in opj)Qsite 
directions from the driving shaft. This forces 
oil into a cylinder, displacing a piston against 
the pull of a spring ; the oil escapes through 
an adjustable slot in the side of the cylinder. 
Since the quantity of oil delivered by the pump 
varies directly as the speed, the piston must 
move upwards to increase the size of the slot 
and the pressure to a sufficient extent to permit 
the increased quantity to pass. The piston 
rod carries a pen recording on a drum, and 
also transmits the indications to a dial gauge 
by means of a chain and pulley arrangement 
similar in form to the simple string type of 
level gauge described in § (14) (ii.). The 
instrument’s chief merit is its robustness, 
which fits it for the somewhat trying conditions 
prevailing on locomotives. The temperature 
coefficient cannot be made small, since the 
discharge of this type of pump, and the flow 
through the orifice, will be influenced by 
changes in viscosity, etc. 

§ (13) Calibration of Tachometers. — The 
calibration, or checking of tachometers, can be 
effected by two methods : (1) counter and 

watch, or (2) stroboscopic observation. The 
counter method needs no explanation, except 
to point out that the calibration gear m ust 
run very steadily over definite periods to allow 
of sufficient time for counting. Stroboscopic 
methods are very convenient and accurate, 
since they depend essentially on the constancy 
of a tuning-fork. The time of vibration of a 
steel fork can ho approximately determined 
from the following formula, regarding each 
prong as a bar fixed at one end : 


N = 84,590 ajl\ 

where N= number of vibrations per second of 
the prime tone, 
a = thickness in cm., 
length in cm. 


The approximate nature of the formula is due to 
the assumption that the bar is rigidly fixed at one 
end, whereas in practice the bar is bent into a Lb thus 
making the equivalent value of l uncertain. Forks 
can easily be tested and adjusted by comparison by 
ear with a standard fork. The beats in the sound 
become distinct when the forks are very nearly in 
unison. Forks can, however, be obtained com- 
mercially within about one-tenth per cent of a specified 
frequency. When it is desired to verify a fork in 
the laboratory, the usual method is to use a dropping 
plate In this method a very light quill of paper 
p stuck on the tip of one prong and the fork supported 
m a position such that the quill traces a line on a 
sheet of smoked glass which is allowed to fall freely 


in front of it. The number of vibrations in a given 
distance can be counted, and the time interval found 
by calculation from the known value of acceleration 
due to gravity. The temperature coefficient of a steed 
fork amounts to 0-01 per cent per degree centigrade. 

s (i.) Stroboscopic Method of measuring Speed 
with Slits . — The slit fork method utilises the 
persistence of vision when an object is viewed 
intermittently. A tuning-fork is fitted with 
two plates at the ends of the prongs, which are 
perforated with narrow slits, as shown in Fig. 
19. The vision through the slits will be inter- 
rupted twice every com- 
plete vibration of the 
fork. Consequently, if 
any rotating regular 
figure or circle of equi- 
distant dots is viewed 
through the slits when 
the fork is vibrating, 
the first momentary view 
will give an impression 
of a stationary disc, the 
next coincidence of the 
slits will show the dots in 
a new position, and if the 
speed of rotation has 
certain definite values a 
corner or dot will have 
moved forward to the 
position occupied by the 
one previously observed, 
hence the disc will ap- 
pear to remain quite 
stationary. The series of speeds, at which this 
effect is apparent is given by the expression 

n = 120//fls* 

where n = speed of disc in r.p.m., 

/= frequency of fork (complete vibra- 
tions per second), 
a — number of comers or dots. 

The figures repent themselves for imiltiples 
of the speed, and with the elementary types of 
figures it is somewhat difficult to date rinino 
which multiple of the speed is under observa- 
tion. For this reason it is usual, to employ a, 
standard disc (with a 50 IX V. fork), on which 
is printed a thirty-point star, a hexagon, a 
pentagon, and a square. Certain figures will 
appear to be motionless for particular speeds. 
All other figures will, of course, he blurred. 

It will be observed that the apparatus is 
especially adapted for giving points at intervals 
over the range for calibration purposes. Inter- 
mediate speeds cannot be measured, although 
slightly different speeds from the fixed value's 
can he estimated from the apparent backward 
or forward creep of the disc in a measured 
interval of time. 

Tuning-forks for stroboscopic methods are 
usually maintained electrically by a small 
electromagnet between the prongs with a make 
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and break contact on the side of the prong. 
A two-volt battery and less than a fifth of an 
ampere current is usually sufficient to main- 
tain the vibration. The weight of the shutters 
on the end of the prongs affects the frequency 
of the fork, and they should therefore be fitted 
before the fork is adjusted. 

Harrison and Abbot have devised a very 
convenient arrangement of the stroboscopic 
method in which the disc is observed by inter- 
mittent illumination. The fork is electrically 
maintained, as above described, while a contact 
operated by the fork is used to make and break 
the primary of an induction coil operating a 
neon discharge tube. The complete arrange- 
ment is shown in Fig . 20. The illumination 
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obtained is a faint red glow, but is quite 
sufficient if the disc and tube are placed in a 
box with an inspection hole. The advantages 
over the slit fork arc considerable, since both 
the tachometer under test and the rotating disc 
are under observation simultaneously. The 
same diagram on the disc now corresponds to 
half the speed for the same frequency of fork, 
since the flashes of light only occur once for 
each complete vibration, whereas the slits will 
register twice in each vibration. 


Table I 


Table of Steeds for 50 D.V. Tuning-fork 
in Revs, per Minute 


With 

Neon 

Tube. 

iiO-potnfc 

Star. 

Other PiguroH. 

50 

Double 


100 

Single 

. . 

150 

Double 

. . 

l(.Kb 7 

. . 

Triple Hexagon. 

200 

Single 

Triple Pentagon. 

250 

Double 

Double. Hexagon, Triple Square. 

300 

Single 

Double Pentagon . 

333*3 


Triple Hexagon. 


Table I (continued) 


With 

N eon 
Tube. 

30-point 

Star. 

Other Figures. 

350 

Double 


375 

. . 

Double Square. 

400 

Single 

Triple Pentagon. 

450 

Double 

. . 

500 

Single 

Single Hexagon, Triple Square. 

550 

Double 

. . 

600 

Single 

Single Pentagon. 

650 

Double 

. „ 

666*7 

. „ 

Triple Hexagon. 

700 

Single 

. . 

750 

Double 

Single Square, Double Hexagon. 

soo 

Single 

Triple Pe i i tagon . 

833*3 

• . 

Trip le H ex agon . 

850 

Double 

• . 

900 

Single 

i ) o u b 1 e Pen tago n . 

950 

Double 

. . 

1000 

Single 

Single Hexagon, Triple Square, 

T riple Pentagon . 

1050 

Double 

. . 

1100 

Single 


1 125 

. . 

Don bio Sq uare. 

1150 

Double 

* . 

1166*7 

. . 

Triple Hexagon. 

1200 

Single 

Single Pentagon. 

1250 

Don bio 

Double Hexagon, Triple Square. 

1300 

Single 

. . 

1333*3 

. . 

Triple Hexagon. 

1350 

Double 

. . 

1400 

Single 

Triple Pentagon. 

1450 

Do n hie 

» * 

1500 

Single 

Single Square, Single Hexagon, 
Double Pentagon. 

1550 

Double 

* * 

1600 

Single 

Triple Pentagon, 

1650 

Double 

• ■ 

1660*7 

* , 

Triple Hexagon. 

1700 

Single 

. • 

1750 

Double 

Double Hexagon, Triple Square 

1800 

Single 

Single Pentagon. 

1833*3 

. . 

Triple Hexagon, 

1850 

Double 

» • 

1875 

. . 

Double Square. 

1900 

Single 

. . 

1950 

Double 

• . 

2000 

Single 

Single Hexagon, Triple Square, 
Triple Pentagon. 

2050 

Double 

. . 

2100 

Single 

Double ‘Pentagon. 

2150 

Double 

. . 

2166*7 

. . 

Triple Hexagon. 

2200 

Single 

Triple Pentagon. 

2250 

Double 

Single Square, Double Hexagon. 

2300 

Single 

• « 

2333*3 

. . 

Triple Hexagon. 

2350 

Double 

. .» . 

2400 

Single 

Single Pentagon. 

2450 

Double 

. * 

2500 

Single 

Single Hexagon, Triple Square. 

2625 

. . 

Double Square. 

2700 

Single 

Double Pentagon, 

2750 

Double 

Double Hexagon, Triple Square. 

3000 

Single 

Single Square, Single Pentagon, 
Single Hexagon. 
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(ii.) Synchronising Fork. — Messrs. Leeds and 
Northrup, of Philadelphia, have devised a 
method of obtaining constant and definite 
speeds for the calibration of tachometers 
without the necessity of manual adjustment. 
The instruments under test are driven through 
a series of gears, giving the desired calibration 
speeds, off the shaft of a rotary converter. It 
is well known that an alternating - current 
generator and synchronous motor will react 
upon each other and keep in step. In the 
Northrup device the rotating converter supplies 
alternating current to a synchronous load in the 
form of a tuning-fork and incandescent lamp. 
The fork holds the generator to a constant speed 
such that the frequency of the alternating 
current is equal to the frequency of the make 
and break on the prong as determined by the 
natural period of the fork. The scheme of 
connections is shown in Fig. 21. 
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The standard fork is arranged to operate at 
from fifty to seventy-five vibrations per second. 
In order to procure this range of rate of 
vibration, sliding weights are provided which 
are mounted upon the prongs of the fork. Slight 
variations in the rate of vibration of the fork 
can be accomplished by moving heavy springs 
along the prongs of the fork. These springs 
are moved by means of a screw, and the adjust- 
ment can be made while the fork is in opera- 
tion. . 

Flat brass plates are mounted upon the 
movable weights on the prongs s of the fork. 
Slits are provided in these plates in order that 
it may be stroboscopically determined when 
the converter is running at the proper speed. 
There is a vibrating contact device on each 
prong of the fork. One of these makes contact 
only at one end of its travel, and is in the circuit 
of the electromagnet which actuates the fork. 
The other contact interrupts a circuit from the 
A.C. end of the rotary converter through an 
incandescent lamp. The load which is thus 
thrown upon the converter is used in holding 
the converter in synchronism with the fork. 
The operation is as follows : 

The fork is caused to vibrate at a rate corre- 
sponding to the frequency of the A.C. current 
delivered by the rotary converter when run- 
ning at the desired speed. This is a com- 
paratively simple operation made by means 
of a telephone. Assuming that the fork and 


converter are in synchronism, the function of 
the device is to maintain this synchronism 
despite changes of the D.C. voltage and of the 
load upon the converter, either of which would 
tend to change the speed of the converter. 

It will be seen from an inspection of Fig . 21 
that a circuit is taken from the A.C. end of the 
converter through an incandescent lamp and 
through the double contacting device on one 
prong of the fork. A transformer is interposed 
in this circuit for two reasons. First, were it 
not for this transformer there would be a cross- 
connection of circuits in the fork, as both the 
A.C. current from the converter and the D.C. 
driving current pass through the fork and also 
through the same windings in the armature of 
the converter. Second, the transformer liaises 
the A.C. voltage to 110 volts, or a multiple of 
110, in order that lamps of a standard voltage 
may be used for the regulating load. Assum- 
ing, now, that the converter and fork are in 
synchronism, for every cycle of the A.C. 
voltage curve two contacts will be made at the 
fork, and two impulses will be sent through the 
lamp. These contacts may take place at any 
point on the voltage curve, but so long as there 
is no tendency to alter the speed of the con- 
verter, they will always take place at the same 
point. Thus a certain voltage is impressed 
across the lamp during a brief interval twice 
in each cycle. This lamp is thus a load upon 
the converter, the magnitude of * this load 
depending upon the voltage impressed upoa 
the lamp. * 

Now let us suppose that either a change of D.C. 
voltage or a change of load upon the converter 
should occur. The speed of the machine would 
tend to change. This would tend to throw the 
A.C. current out of synchronism with the fork. 
The result would be that the voltage impressed 
across the lamp would be different, because 
the contacts would be made at different points 
on the voltage curve. If the speed were tending 
to increase, the contacts would occur nearer 
the top of the voltage curve, impressing a 
greater voltage across the lamp load, and thus 
putting a greater load upon the machine and 
slowing it down. Should the speed be tending 
to become less, a reverse result would occur, 
both results acting to keep the A.C. current in 
rigid synchronism with the fork, Thus the 
speed regulation takes place automatically, 
until the forces tending to change the speed of 
the converter become excessive. 

An absolutely steady source of E.M.F. is not 
necessary for the successful operation of the 
converter. Fluctuations in the D.C. voltage 
amounting to 5 to 7 per cent from the nominal 
value can be cared for. 

It is sometimes necessary to use more than 
one lamp. In this case the several lamps are 
generally connected in parallel. The number 
of lamps which it is necessary to use depends 






METERS 


545 


upon the amount of change of the load* either 
electrical or mechanical* which is put upon the 
machine. For example* a machine with a 
normal rating of 500 watts was controlled with 
a load of 40 watts when the useful load varied 
between 330 and 270 watts. A regulating load 
of about 340 watts was required when the 
useful load upon the same machine varied 
between 360 and 60 watts. The speed regula- 
tion claimed is within the accuracy of the fork, 
that is 0T per cent, provided the load put on 
to the shaft is not sufficient to break the 
synchronism. 

The frequency of the fork when once set can 
be found by stroboscopic comparison with a 
standard* and all the changes for calibration 
purposes are made by means of gears. 

II. Liquid Level Indicators 

The time-honoured method of indicating the 
level of liquid in tanks is of course the gauge- 
glass. This consists simply of 
a glass tube communicating at 
its upper and its lower end 
with the top and the bottom of 
the tank. The method is uni- 
versal in the case of steam 
boilers, and has been tried on 
the fuel tanks of aircraft and 
motor vehicles* but owing to 
the varying inclination of the 
tanks, particularly in the case 
of aeroplanes, the indicator 
rarely gives an accurate estima- 
tion of the contents. Moreover, 
the fragile nature of glass is a 
serious consideration where in- 
flammable liquids are con- 
cerned. 

§ (14) Float Gauges, (i.) 
Float and Rod Gauge, — Gauges 
based on the use of floats have 
been devised in a variety of 
forms. Probably the simplest 
example is that shown in Fig, 
22. The vertical tube contains 
a rod free to move up and 
down with a pointer at the 
upper end, and a float at the 
lower. Changes in level are 
transmitted directly to the 
pointer. This device is of 
course only applicable to shallow 
tanks, and would become very cumbersome if 
applied to deep tanks. 

(ii.) Float and String System . — Another 
method which is almost as elementary in 
principle is the float and string. 

The float of the gauge is suspended by means 
of a silk cord, which winds on the pulley of 
the gauge proper. The pulley is under such a 
tension as to nearly balance the weight of the 



Fig. 22. 


float in aii\ Therefore, as the surface of the 
liquid rises or falls, the pointer will show the 
position of the float in the tank. The float is 
guided by an upright cylinder which keeps it 
from swinging about in the tank. The pointer 
is connected to the pulley through spur-wheels. 
Since the effective force producing the motion 
of the pointer is very small, the slightest 
binding of the gears may cause error. A 
sketch of the arrangement is shown in Fig . 23. 



The capacity of the float used for short trans- 
missions is usually 3 cubic inches, and for long 
transmissions, of 10 feet or more, the float is 
made larger (about 8 cubic inches). For deep 
tanks the pointer of the indicator is arranged 
in an ingenious manner to travel through 
several complete revolutions of a spiral curve by 
means of a small rack and pinion. 

A diagram of the spiral mechanism is shown 
in Fig . 24. The pointer is free to slide radially 
in the boss of the 
pulley, but rotates 
with it. Fixed to the 
back of the case and 
projecting through 
the pulley is a small 
pinion which engages 
with a rack fixed to 
the pointer. 

As the string coils or 
uncoils on the pulley 
the rack rolls round 
the fixed pinion, thus 
moving the pointer 
in or out radially a distance proportional to the 
pitch circle of the pinion for each revolution. 

The float and string system, although very 
simple in theory, becomes elaborate and com- 
plicated in practice, since pulleys must be 
arranged at each bend, and both the tube and 
instrument must be air-tight. 

(iii.) Float and Eccentric Rod . — Gauges 
depending upon simple mechanical arrange- 
ments for converting the movement of a float 
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into indications on a dial fixed to the tank are 
also largely used. One form of this class of 
instrument is shown in Fig . 25. The rod A is 
free to rotate, through an arc about the pin C 
at the bottom, and carries the pointer or a 
spur-wheel at its upper end. The movement 
of the float F under the influence of the liquid 
causes the rod to turn, since the float forms a 
connecting link between the rod A and the 
fixed rod B. The angular 
rotation of the rod A is, of 
course, limited to less than 
180°, but the pointer is some- 
times geared to give a longer 
scale. This instrument is 
light and fairly satisfactory 
in use. 

(iv.) Float and Twisted 
Strip . — A more elaborate 
form of instrument is shown 
in Fig . 26. The float is 
guided by two rods. A twisted 
pinion wire, passing through a 

Dial 


B 


bt -M 

Pig. 25. Pig. 26. 

nut in the float, converts the linear motion of 
the float to angular rotation of the pointer. The 
pointer can in this case turn through a com- 
plete circle without the use of gears. When 
the instrument is used in pressure tanks, where 
air is employed to force the liquid out, the glass 
front of the indicator has to be made air-tight. 

To avoid this necessity, the gauge may be 
worked magnetically as follows : The twisted 
rod carries at its upper end a magnet which 
rotates with the rod, and actuates a magnetised 
steel pointer pivoted on the other side of a thin 
metal partition forming the wall of the tank. 
This avoids all glass to metal pressure joints, 
but detracts somewhat from the accuracy of 
the indication. This magnetic device was first 
used by Muller in 1886, and has since found 
considerable application, especially in steam 
meters. 

(v.) Float on Pivoted Arm . — A novel gauge 
differing slightly from the above and employing 
the magnetic pointer is shown in Fig . 27. This 




consists simply of a small float moving through 
a circular arc at the end of a rod. The scale is 
not uniform, and the float and arm require a 
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considerable amount of space. The same dis- 
advantage is met with to some extent in all 
float methods, and is particularly felt in the 
case of aircraft tanks which are elaborately 
stayed and stiffened internally. In fact, the 
tanks have generally to be specially designed 
with a view to accommodating the gauge to 
be used. These appliances are rarely regarded 
as accurate quantity-measuring devices owing 
to the back-lash, friction, and variable immer- 
sion of the float. Generally, they are classified 
as indicators graduated in fractions such as 
4-, and full. 

§ (15) Pneumatic Gauges. — Quite a number 
of instruments have been devised to transmit 
indications of depth by the aid of air pressure. 

(i.) Air Pump Method.— e One type of instru- 
ment employs a small pressure pump to force 
air through the liquid by means of a pipe 
dipping to the bottom of the tank. The head 
required to effect this is measured on a pres- 
sure gauge. A sketch of the device is shown in 
Fig . 28. Each time a reading is required the 
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hand pump is operated until the liquid is 
blown out of the vertical pipe in the tank, and 
the reading on the gauge taken immediately 
afterwards. The defect of this method is the 
inconvenience of pumping up for each reading, 
and the fact that the leakage back through the 
pump valve, etc., causes the pressure to fall 
rapidly. The reading has usually to be taken 
within a few seconds of pumping. 

(ii.) Tide Gauge . — An interesting application 
of the above principle is the tide recorder of 
Field and Oust developed by the Cambridge 
Scientific Instrument Company. In this 
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instrument the height and frequency of the mercury in the float-chamber G. The bottom 
tide at a station on the coast is continuously of the float J in this chamber is provided with 
recorded on a chart. The recording portion of an adjustable orifice H, through which oil can 
the instrument is placed at a sheltered spot flow into or exit of the interior of the float, 
inshore, and a pipe laid out and anchored in which is balanced so that it always tends to 
the sea where the tide record is required. A maintain its mean position, 
small but continuous stream of air escapes from In the case of the ordinary X2|-hour tide, 
the open end of the pipe, and the instrument the alteration of the level of the oil takes 
on shore graphically records the pressure in the place so slowly that the liquid flows in and 
pipe, which pressure is equal to the hydro- out of the float at a rate sufficient to enable 
static head over the open end of the pipe. the float to maintain its mean position. The 

A diagrammatic view of the instrument is variations of level due to the secondary tides 
shown in Fig . 29. Below the recording appar- being much more rapid, the oil is unable to 
atus, and forming a stand for it, is a reservoir pass with sufficient freedom through the 
of air compressed to about 150 lbs. per square orifice to keep its level the same both 
inch. This air is allowed to escape through a inside and outside the float. The latter, 
reducing valve into a pipe, one end of which therefore, rises or falls in conformity with 
leads to the top of a vessel A, 
containing mercury, whilst the 
other end is anchored on the 
bottom of the sea, at the point 
where the variations of tide are 
to be recorded. Air is allowed 
to escape slowly from the open 
and anchored end of the tube, a 
single charge of compressed air 
sufficing to run the apparatus for 
fifteen days. 

As the tide rises and falls the 
head of water over the open end 
of the pipe varies. The pressure 
of the air in the pipe and the 
vessel A varies correspondingly, 
and forces more or less mercury 
into the float-chamber B, thus 
raising or lowering the float 0. 

From this float a thin steel band 
passes over and is attached to a 
pulley mounted on a horizontal 
shaft. A second pulley on the 
same shaft supports by a similar 



band a pen carriage I) and a counter-weight 
to the float. 

This arrangement of two pulleys facilitates 
the adjustment of the motion of the recorder 
pen to the scale of the chart on which it 
works. This chart is carried by the clock- 
driven drum E. 

All the air passing to the immersed end of 
the pipe has first to bubble through water 
contained in a horizontal glass cylinder. This 
at once renders evident any accidental clogging- 
up of the under- water escape. The apparatus 
described above traces the long-period tide. 

Superimposed on this, however, may be 
short-period oscillations of secondary tidal 
waves. A separate record of these on an 
enlarged scale is obtained by means of the 
apparatus shown to the left of Fig . 29. 

The vessel F is also in communication with 
the air supply. The varying air pressures arc 
accompanied by corresponding alterations in 
the level of the oil floating on the top of the 


the secondary tides, and its motion is trans- 
ferred by a multiplying lever to a pen which 
makes a record of this secondary tide on the 
upper portion of the chart borne by the drum 
of the recorder. 

Tide records provide valuable data for use in the 
accurate prediction of tides. It is well known that 
the fluctuationH of the sea may be expressed by a 
series of tidal harmonic components due to the 
action of the sun and moon, ellipticity of the lunar 
orbit, the moon’s motion out of the Equator, and so 
on. The constants of all these tidal constituents 
can bo determined by the harmonic analysis of the 
tide-gauge records for the port in question. That is 
to say, the amplitude of each harmonic constituent 
and its phase relationship with all the others can 
bo found. 

The information thus obtained can them bo utilised 
in a tide-predicting machine to predict the tides for 
the port). 

(ilk) Air Vessel Method.— Another form of 
pneumatic instrument, which has been tried 





548 


METERS 


on motor vehicles, consists of a large air vessel 
fixed to the base of the tank, and connected 
to a pressure gauge. The changes of hydro- 
static pressure due to variations in liquid level 
are transmitted by the air column to the 
gauge. A sketch of the method is shown in 
Fig . 30. The air vessel must have a large 



diameter, to minimise the changes of level due 
to the compressibility of the air. In the case 
of pressure tanks the gauge is arranged differ- 
entially, so as to indicate the difference of 
pressure between the top and the bottom of 
the tank. The gauge and its connecting tubes 
must be absolutely air-tight, but even then the 
air will slowly disappear by solution in the 
liquid, etc. 

An additional source of trouble is condensa- 
tion of the vapour with the formation of air- 
locks in the pipe. 

The design of a suitable pressure gauge for 
any pneumatic level indicator presents practical 
difficulties. The maximum pressure-head in 
the case of the general run of tanks is only a 
pound or two per square inch at full scale. 
Bourdon tube gauges cannot be made with 
sufficient sensitivity, whilst silk diaphragm 
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gauges invariably leak slightly. Well-made 
metal diaphragm gauges are probably the 
most satisfactory. 

A typical form of low-pressure gauge is 
shown in Fig , 31. A battery of aneroid 

capsules is connected to the pressure pipe 
leading to the bottom of the tank, while the 


interior of the case containing the capsules is 
in communication with the static pipe to the 
top of the tank. The motion of the diaphragm, 
under the pressure difference, is transmitted 
by means of a quadrant and gear-wheel to the 
pointer. A peculiar feature of the instrument 
is the control spring ; this is soldered to the 
edge of each capsule. The tendency of the 
capsules under pressure is to open out fan-wise, 
curving rather than elongating the spring, 
and by this device greater sensitivity is 
obtained. 

The average accuracy of the instrument itself is 
not great, owing to the small pressure available 
and the friction in the mechanism. Moreover, 
when the gauge is allowed to remain under pressure 
for a period of several hours the reading tends to 
increase, due to elastic fatigue of the diaphragms. 
It will be observed that when such gauges are used 
differentially the glass front of the case has to be 
made pressure-tight. To avoid the necessity for 
this joint two diaphragm capsules connected differ- 
entially have been tried. It was found, however, 
that the sensitivity of the gauge was a function 
of the static pressure in the system, the varia- 
tion being due to the initial distortion of the 
diaphragms. 

§ (16) Distant Reading Type of Liquid 
Depth Gauge. 1 — It is a well-known fact 
that the cooling power of a liquid is much 
greater than that of a gas, and a gauge 
operating on this principle was designed by 
the writer. It consists, essentially, of a thin 
wire of platinum electrically heated to a 
temperature excess of 20° to 30° above the 
surrounding air. The wire is insulated and 
suitably protected by a tube projecting to 
the full depth of the tank. The portion of the 
wire immersed in the liquid is cooled down 
to practically the same temperature as the 
liquid, while the part above the surface is at 
the excess temperature. 

Since the temperature coefficient of the 
resistance of platinum is of the order of 0*4 
per cent per degree, it follows that the average 
temperature, and hence the resistance of the 
wire, will depend upon its depth of immersion 
in the liquid. Now the most convenient 
method of measuring changes of electrical 
resistance is by means of the Wheatstone 
bridge, and in this gauge the wire forms on© 
arm of a bridge, as shown in the diagram 
{Fig. 32). The influence of changes in the 
temperatures of the liquid and the atmosphere 
above are eliminated by arranging alongside 
a similar wire, totally sealed off from the 
liquid and electrically connected in the other 
arm of the bridge. 

The changes of the resistance of the partially 
immersed wire, with variations of liquid level, 
are indicated by the deflection of the galvano- 
meter pointer. The sensitivity of the method 

1 Proc . Phy. Soc 1921, xxxiii. Part III. 171. 
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is such that a very small elevation of tempera- 
ture of the wire suffices, and in practice a 
robust form of moving coil instrument is 
employed as indicator. 

Since the sensitivity of any bridge arrangement is 
a function of the current, it is necessary to keep 



this constant. The customary procedure is to have 
an adjustable series resistance in the battery circuit, 
and by means of a throw-over switch replace the wire 
by a dummy coil totally immersed. The current 
in the circuit is then adjusted to give full-scale 
deflection ; the procedure being identical with that 
employed with direct-reading resistance thermo- 
meters. 

An alternative way would be to employ the same 
indicator with a shunt as ammeter when it is desired 
to adjust the battery current to a predetermined 
value. 

The necessity for such periodical adjust- 
ments is a great disadvantage for aircraft 
purposes, since the attention of the pilot is 
fully occupied with more vital controls, and 
consequently the apparatus was modified to 
avoid this necessity. In ‘this arrangement an 
iron wire ballast resistance is inserted in the 
battery circuit. The iron wires are sealed 
in a bulb similar to an electric lamp, with an 
atmosphere of hydrogen. 

Such a resistance will maintain a current 
fairly steady even if the voltage of the 
battery changes by as much as 20 per cent, 
so frequent adjustment of the current is not 
necessary. This property of iron wire is, of 
course, well known, and iron wire resisters 
will be found in most commercial types of 


Nernst lamps to compensate for the negative 
temperature coefficient of resistance of the 
rare earth mixture of which the glower is 
composed. 

As the two ratio arms of the bridge are 
of manganin of negligible temperature co- 
efficient, calculation shows that a constant 
battery current gives a constant sensitivity 
for the instrument over a moderate range of 
temperature. 

III. Steam Meters 

The metering of the steam consumption of 
a modem power plant presents considerable 
difficulty, since a more elaborate instrument 
than a simple flow indicator is usually 
desired. 

Some of the steam recorders in use at the 
present time are “ energy ” rather than 
“ weight ” recorders, in so much as they 
automatically take account of the variations 
in the steam pressure and thus give a measure 
of the energy being supplied in the form of 
steam. Considerable practical difficulties have 
been encountered in the operation of some of 
these meters, as the conditions prevailing in the 
boiler-house or its vicinity are somewhat severe 
on delicate instruments. Three typical meters 
are described below. 

§ (17) The Hodgson Kent Steam Meter, 3 * 
— This meter is of the diaphragm type de- 
scribed in connection with gas meters, § (22). 
The pressure difference across an orifice is 
measured, and a direct indication of the rate 
of flow is obtained. If the pressure of the 
steam supply could be kept constant, this 
reading would be a measure of the total 
energy of the steam passing. In practice, 
however, it is necessary to make allowance for 
variations in the steam pressure, as with a 
higher pressure a greater amount of energy 
in the form of steam will naturally be passed 
through the orifice for a given difference of 
pressure. The meter described below auto- 
matically makes this correction, and an 
elaboration of this meter includes an integrator, 
which shows the total amount passed in a 
period of time. 

(i.) General Description of Meter . — The 
orifice may take the form of a square- 
edged hole in the centre of a plate inserted 
in the pipe line, as shown in Fig. 47 (§ (25), 
“ Coal-gas and Air Meters ”), or may be a plate 
projecting in, as in Fig. 33. In order to provide 
a suitable difference of pressure, the size of the 
orifice opening must depend on the maximum 
velocity of the steam in the pipe. This 
velocity may vary over wide limits, say from 
85 ft. to 260 ft. per sec. At the higher speed 
only a slight reduction in the area of the 

1 Engineering , October 10, 1919. 
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pipe is necessary to bring about the desired 
difference in pressure, and with a circular 
orifice the plate would be a mere ring protrud- 
ing only very slightly into the bore of the 
pipe. Supposing that in these circumstances 
the plate were not very carefully positioned, or 
the jointing material not cut very nicely, the 
effects of the orifice on the flow of steam could 
not be relied upon. For these reasons the 
circular form of orifice is only adopted when a 
considerable restriction in the pipe is required. 
When the necessary restriction is less than half 
the cross-area of the pipe the orifice is arranged 
as shown in Fig. 49 (“Coal-gas and Air Meters ” ), 
and as further reductions in the area of the 
plate are required the forms shown by the 



Fig. 33. 

dotted lines adopted. The holes which com- 
municate the steam pressures from opposite 
sides of the orifice plate to the meter are 
both brought up as close to the plate as 
possible. It is assumed that the steam in 
the comer between the plate and its carrier 
has practically no movement, and that in 
consequence the exact form of the pressure 
holes is immaterial so long as they are in the 
proper position. 

The restriction is generally designed to 
produce a drop in pressure of about 2 lbs. per 
sq. in. at full scale. Should the range of flow 
be greater than could be efficiently dealt 
with by one orifice plate, a variable orifice is 
used to avoid the necessity of changing the 
plates. This consists essentially of a short 
length of pipe containing a carefully con- 
structed butterfly valve, which may be locked 
in various positions by means of an external 


'sector. The over-all range of measurement 
which can be obtained by the use of this 
device goes down to one-thirtieth of the 
maximum flow, as compared with a range down 
to one-quarter of the maximum, which is all 
that can be accurately measured by a fixed 
orifice plate. 

The two pressure passages in the orifice 
carrier communicate with a pair of condensing 
columns which are bracketed off the main pipe, 
as shown in Fig. 33- These columns ensure 
that the pipes leading to the metering instru- 
ment are kept absolutely full of water at all 
times, so that the readings shall not be affected 
by movements of the water surface employed 
for transmitting the pressure to the measuring 

apparatus. 

(ii.) Indicator N on- 
compensated Type . — The 
rate - of - flow indicator 
depends for its action 
on the movement of a 
rubber diaphragm under 
the influence of varia- 
tions in the difference 
of pressure on its op- 
posite faces. The spaces 
on opposite sides of the 
diaphragm ( Fig. 34) are 
in communication with 
the two sides of the 
orifice plate in the steam 
pipe. A set of three coiled springs controls the 
movement of the diaphragm, which is com- 
municated to a spindle D, through rods and a 
bell crank C. This spindle carries a powerful 
permanent magnet E. Outside the case and 
in line with D, there is another spindle G, 
carried in jewelled bearings, to which is at- 
tached an iron armature H, and the pointer J. 
In this way the movement of the diaphragm 
is transmitted to the pointer without it being 
necessary to make a water-tight sliding joint. 
The graduations on the dial over which the 
pointer works can, of course, be made to show 
the energy of steam passing at any pre- 
determined pressure and temperature. At the 
bottom of the instrument there is a plug cock, 
by means of which the two sides of the 
diaphragm can be put in direct communication 
for the purpose of setting the pointer to zero, 
while air cocks are provided at the top to 
ensure that the diaphragm chamber is full of 
water. 

(iii.) Recorder Non - compensated Type .. — 
When it is desired to make a permanent 
record of the steam flow, a modified form of 
instrument is used, although the orifice plate 
remains the same. Inside a cylindrical casing 
there is arranged a series of diaphragms similar 
to those of an aneroid barometer. The inside 
of these diaphragms is subjected to the lower 
steam pressure from the orifice, while the 
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space outside the diaphragms is under the 
higher pressure. There is thus a tendency to 
collapse the diaphragms, which is opposed 
by a helical spring attached to the diaphragm 
spindle. The movements of this spindle are 
transmitted by a simple system of links to the 


to the pointer E and the lever F, We thus 
have two pointers, one indicating the rate of 
flow through the orifice and the other the 
actual steam pressure. The movements are 
combined and transmitted to a pen arm 0, 
which consequently makes a graph expressing 



pivot of the pen arm. The 
spindle which passes out 
through the wall of the pres- 
sure casing is kept tight by a 
leather-packed gland. 

(iv.) Recorder with Pressure 
Compensating Device . — The 
meter referred to above does 
not take into consideration 
variations in the steam pres- 
sure. In cases where the 
pressure is liable to vary a 
correction must be applied to 
the readings if the amount of 
energy in the steam is to be 
metered. The arrangement 
illustrated in Fig. 35 auto- 
matically makes this correc- 
tion over a range in pressure 
of about two to one. 

The spindle, which is operated by the aneroid 
diaphragms used to measure the pressure 
difference across the orifice, is indicated at A. 
A crank and link connect A with the pointer 
B which pivots about G. The steam pressure 
in the main pipe is measured by a series of 
diaphragms (shown separately on the right) 
and is opposed by a helical spring. The rod 
D transmits the movement of the diaphragms 


the energy value of the steam 
being metered. The combina- 
tion of the two movements 
is effected by the link H and 
quadrant J. 

In the positions shown in 
the sketch both the pointers 
E and B are at zero and the 
end of the link H is over the 
pivot 0. The result is that 
the individual movement of 
neither of the pointers IS and B 
will affect the pen arm G. If, 
however, the flow pointer B 
and quadrant J move round 
the pivot 0, an increase in 
the steam pressure will force 
down F and H and produce 
a movement in G which will 
vary in proportion to the 
movements of E and B. The various 
links are, of course, so proportioned that 
the resultant movement of the pen arm 
G is a true measure of the weight of steam 
passing the orifice, and consequently, assuming 
that the steam is saturated, shows the energy 
being delivered. Even if the steam is super- 
heated, the instrument can be arranged to 
give a direct reading, but with a variable 




Indicator 

n on-compensated type. 
Pointer and magnet system. 
Fig. 34. 
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superheat a mathematical correction must be top of the meter to equalise the pressure at 
made. An accuracy within 2 per cent is any time upon the U-tube system. A small 


iron float rests on the 



Fig. 35. 


surface of the mercury 
in one limb. This float 
operates a horizontal 
shaft by means of a 
thread wound around a 
pulley, a small counter- 
weight being provided 
to keep the string taut. 
This mechanism is 
totally enclosed in the 
casing and the move- 
ment is communicated 
to a horseshoe magnet 
mounted on the shaft. 
Another horseshoe 
magnet is mounted on 
pivot bearings with its 
poles near and parallel 
to the copper plate 


claimed for the meter at full load, and 4 per 
cent at one-sixth load. x 


§ (18) The B.T.H. Steam Meter. — In this 
steam meter a peculiar form of pressure -head 



is employed for de- 
termining the velocity 
of steam in the pipe 
line. This consists 
of a specially shaped 
pipe with its two 
openings in the path 
of the steam. The 


Fig. 36. leading opening faces 

against the direction 
of flow, and the trailing opening faces in the 
direction of the flow of steam (Fig. 36). The 

two openings are con- 
nected by a vertical 
U -tu be containing 
mercury. 

The flow nozzle has 
disadvantages when 
the feed water sup- 
plied to the boilers 
is dirty and the steam 
liable to cause scal- 
ing, Then the small 
passages or openings 
in the nozzle after a 
time become partially 
or totally closed up. 
Under these condi- 
Eig. 37. tions the nozzle 

. method is abandoned 

m favour of a constriction ; this may be of 
the Venturi form or a shaped nozzle. 

The Recorder .^ — The recorder (Fig. 37) consists 
of an iron casting, so designed as to form the 
limbs and well of a U** tube system and contains 
mercury. A by-pass valve is provided at the 



which forms the wall 
of this portion of the meter. 

The magnet has its axis of rotation in align- 
ment with the shaft carrying the horseshoe 
magnet inside the body of the meter. 

This arrangement eliminates the use of a 
packing gland with its attendant friction. The 
indicating needle is attached directly to the 
outside magnet. The instrument is made re- 
cording by adding a pinion to the shaft carrying 
the outside magnet, and this pinion engages a 
quadrant, the shaft of which carries the re- 
cording pen. The recording chart is concentiic 
with the indicator dial and rotated by clockwork • 
§ (19) The Sarco Steam Meter. — This 
meter has a novel type of indicator invented 


9 



Fig-. 38. 


by Gehre in 1907. It consists essentially of 
a cast-iron reservoir filled with mercury and 
water, and has at one end a bran ch from 
which swings a hollow cone suspended on 
two springs (see Fig . 38). The high pressure 
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side of the throttle disc is led into a mercury 
reservoir which connects, through a trunnion 
and tube, with the lower end of the hollow 
conical vessel, while the lower pressure is led 
through a similar trunnion and tube to the 
upper end of the cone. The cone is suspended 
by helical springs and with its tubes turns 
about the trunnions. The higher pressure, 
acting through the water in the connecting 
tubes upon the surface of the mercury in the 
box, will tend to drive this out into the lower 
end of the cone, thus causing it to sink. On 
the other hand, the lower pressure will act 
on the mercury in the cone and tend to force 
it back into the reservoir, so that the difference 
between the two pressures will determine the 
position of the cone. The shape of the cone 
and its position are such that its fall is pro- 
portional to the square 
root of the pressure 
difference. 

Since the weight of 
steam passing per unit 
time is proportional to 
the square root of the 
product of the pressure 
drop and the density of 
the steam, the scale of 
the indicator is a uniform 
one. The movement of 
the cone is transmitted 
to the recording pen by 
a lever mounted on an 
extension arm. The pen, 
moves in a curved path,. 

A vertical clock - driven 
drum is mounted behind 
the pen, and this carries 
the chart. 

When it is necessary 
to take the account of 
variations of pressure in 
the steam main a modi- 
fication of the instrument 
is employed in which the 
fulcrum of the pen lever 

is made to move so that the pen reading in- 
creases with the density of the steam. The 
high-pressure side of the throttle disc is con- 
nected with an oil cylinder in which a piston 
moves against the resistance of a spring. The 
piston-rod is connected with one arm of a lever, 
the other arm of which carries a curved slot that 
engages with the fulcrum block of the pen lever: 
this slot is so formed that the pen movements 
due to the moving fulcrum are proportional to 
the square root of the density of the steam, so 
that account is taken of the two variables. The 
proportions of the throttle, levers, and scale 
are arranged so as to give the correct readings. 

§ (20) The Bailey Steam Meter. 1 — The 
Bailey meter is of the orifice type and utilises 
1 Ervin G. Bailey, Amer . Soc . Mech . Eng., May 23, 1916. 


a novel form of liquid-sealed bell for recording 
the pressure differences. 

The bell 2 is so shaped (see Fig. 39) that the 
displacement is directly proportional to the 
rate of flow. Further, the wall thickness is so 
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Fig. 39. 


proportioned that the volume of mercury 
displaced from the interior is exactly equal to 
the volume of the portion of the wall of the 
bell which is forced out from the mercury,, so 
that the mercury level in the containing 
reservoir is substantially constant. 

The higher and lower pressure connections 
terminating within and above the bell respect- 
ively are so placed that a soft packing filler 
piece will engage and seal either of these when 
an extreme position is taken. 

This effectively seals either outlet, and as 
the entire mechanism is enclosed in a steam 
pressure light- casing and completely filled with 

2 A mechanism for metering and recording the flow 
of fluids, etc., Ledoux, Trans . Amer. Soc . 

1913, lxxvi. 
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water, no mercury can be blown out or the 
mechanism injured by subjection to excessive 
pressure differences. 

§ (21) The Calibration of Air and Steam 
Meters. (L) Calibration based on the Principle 
of Dynamical Similarity using Water as the 
Fluid . — The direct calibration of the large 
sizes of industrial meters by volume measure- 
ment in the case of air, and weighing the 
condensate in the case of steam, is necessarily 
an expensive and troublesome undertaking. 
Consequently indirect methods of calibration 
are much favoured. 

It can be proved 1 that for the turbulent 
flow of any two fluids in a given channel or 
pipe if V/77 is kept constant, where V is the 
mean velocity, 77 the Mnematical viscosity, 2 
then the coefficient of discharge is the same 
for these corresponding rates of flow for the 
different fluids. 

For example, air and water ; the kinematical 
viscosity of air is about thirteen times the 
value of that for water at the same tempera- 
ture. Consequently the coefficient of discharge 
in a meter with water flowing at the rate of 
one foot per second would be the same as that 
found for air flowing at thirteen feet per second 
in the same instrument. Hence this theoretical 
relationship affords an extremely convenient 
method of calibrating very large meters. The 
general form of the curve connecting co- 
efficient of discharge with variations of velocity, 
density, and viscosity is shown in Fig. 40 ; and 

the coefficient of 
discharge being 
plotted as ordi- 
nate and V/77 as 
abscissae. 

The importance 
of making com- 
parisons at iden- 
tical values of V/77 
was pointed out 
by Dr. Stanton, 
and it will be evident from a consideration 
of Fig . 40 that since the coefficient of dis- 
charge varies with the value of V/77 in making 
comparisons between two fluids of kinemati- 
oal viscosities nx and ^ it is essential that 
V 1 /7 ?1 =V 2 /t 72 . 

It is possible, however, at high velocities, for 
the coefficient of discharge to remain constant 
for a considerable range of V, as shown by the 
horizontal AB of the curve, when one or two 
values of the coefficient will suffice for the 
range employed. It is essential when cali- 
brating with water to employ a range of 
velocities for the water which correspond (on 
the V basis) with those which will be en- 



FlO. 40. 


1 Stanton and Pannell, “ Similarity of Motion in 
relation to the Surface Friction of Fluids Phil. 
Trans. A, 1913, ccxiv. 

2 I.e. density/ viscosity. 


countered in practice when the meter is 
employed for gas, i,e. the water velocities 
must be one - thirteenth those of the air. 
Experimental x'esults confirm this generalisa- 
tion. 

The use of water instead of superheated 
steam in the calibration of steam meters is 
economical on the score of power consumption 
alone apart from considerations of capital out- 
lay for the plant. 

(ii.) C 0 2 Method of Steam Meter Calibrations. 
— Ervin G-. Bailey has worked out a method 
of calibrating steam meters which is based on 
the principle of introducing C 0 2 gas from a 
high-pressure cylinder into the steam line at 
a known and continuous rate. The gas is 
permitted to mix with the steam, then a 
sample is drawn out, and by condensing the 
steam the ratio of condensed steam to C 0 2 gas 
in the sample is determined. 

In the first experiments by this method* the 
attempt was made to determine this ratio by 
considering the C 0 2 as carbonic acid in solution 
and titrating to find its amount contained 
in the condensed steam by chemical means. 
Some rather erratic results were obtained 
from this titration method, and in an effort 
to determine the source of error the method 
was modified so that the gas was separated 
continuously from the condensed steam and 
the two measured separately so as to deter- 
mine the ratio of water to gas. This ratio 
multiplied by the rate at which the gas was 
added will give the rate of flow of steam. The 
general diagrammatic arrangement of the ap- 
paratus used in this method is shown in 
Fig. 41 . 

The drum containing C 0 2 gas under high 
pressure is supported on a scale beam so that 
its weight can be determined at any time, 
from which the rate of adding the gas is 
accurately determined. The gas is continu- 
ously discharged through a flexible copper tube 
and a governor valve into the steam line 
through a spray tube. A sample of the 

mixed steam and gas is taken from the steam 
pipe at a point farther down the line. The 
sample is then passed through a condensing 
and separating apparatus and the condensed 
steam and gas are measured separately in a 
graduated jar and Hempel burette, respect- 
ively. The entire operation is continuous, 
except that these two measurements are taken 
simultaneously at regular intervals of four or 
five minutes. 

An accuracy of 1 to 14 per cent can be 
secured when using 1 lb. of gas to 2000 lbs. 
of steam. Hence it is possible to use this 
method on large capacities up to several 
hundred thousand pounds of steam per hour. 
Some data are given in Table II. 


3 Journ. Amer. 
1916. 
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Table II 

Summary up Data comparing Steam Measurement by CO a Method with Actual Weight 

and Steam-plow Meter, Orifice Type 


Duration of 
Teat. 

Water fed to 
Boiler by 
Actual Weight. 

CO* fed 
per Hour. 

Ratio 
Water to 
CO a . 

Steam 
by COa- 

Steam 
by Meter. 

Ditl'erenee between CO 2 
Method and 

Actual Weight. 

Steam Meter. 

hours. 

lbs. 

lbs. 


lbs. 

lbs. 

per cent. 

per cent. 

4 

. . 

8-64 

2548 

90,500 

91,620 

* > 

- 1*22 

2*5 

78,515 

8*53 

3645 

77,650 

78,040 

- 1*10 

— 0*50 

6 

133,474 

1 8*68 

2506 

130,500 

129,190 

-2-20 

4 1*01 

3 

54,505 

14*63 

1276 

56,000 

55,830 

-1-2-78 

+ 0-29 

9 * 

187,979 



186,500 

185,020 

— 0*78 

4 0*80 

5 

132,067 

8*85 

2992 

132,130 

133,650 

-0-40 

- 1*14 


* This line gives the sums of the two seen directly above. 


This method has also been tried for measur- 
ing the flow of water, the gas being injected 
into the feed line, and with small ratio of gas 
required the 0O 2 is completely absorbed by 
the water so that a representative sample is 
readily obtained. The gas is then completely 


double-acting cylinders 36 inches in diameter, 
and the stroke is 27 inches. The admission 
and discharge of the air to the cylinders is 
controlled by means of piston valves which are 
set to cut off exactly at the. top and bottom 
of the stroke. Each piston has two rods. 



separated from the water and the ratio deter- 
mined by the measurement of each. 

(iii.) Calibration Apparatus of the Displace- 
ment Type . — Probably the largest calibrating 
plant hitherto constructed is that installed at the 
Rand mines. This plant is now the standard air 
calibration plant for South Africa. The air to 
be measured is passed through a large displace- 
ment meter which is built somewhat on the 
lines of a steam engine. It has three vertical 


The connecting rods are inverted and a three- 
throw crank-shaft is mounted close to the 
cylinder cover, as in the old type of marine 
engines. The valves are operated by simple 
link motion, since the engine does not require 
the usual cut-off reversing gear. The stroke 
volume is 95-166 cubic feet and the meter 
passes roughly one ton per minute of air at 
the maximum speed at which it is designed 
to run. 
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This displacement meter forms part of a 
closed air circuit, wherein the air is circulated 
by a Rateau fan producing a pressure difference 
of about 2 lbs. per square inch. The pressure 
in the circuit is maintained by a small cc make 
up ” compressor connected as shown in Fig . 42. 
The air is passed through a cooler so as to 
obtain a steady temperature, then via the 
meter under test to the displacement meter. 
The displacement meter operates in precisely 



Fxa. 42. 


the same manner as a reciprocating engine 
with a small pressure drop to overcome the 
friction of the mechanism. 


IV. Coal-gas and Air Meters 

§ (22) Gas Meters. — Gas meters in general 
use may be divided into two types — the dry 
and the wet meter. The former is ordinarily 
used to measure the consumption of gas in 
domestic service. 

(i.) Dry Gas Meter . — In its simplest form this 
consists of a rectangular box divided into two 
•chambers by a diaphragm (see Fig . 43). The 



Fig. 43. 


diaphragm is made of a metal plate connected 
to the side walls of the box midway between 
its ends by a ring of very flexible leather ; 1 
the diaphragm is constrained by guides to 

1 Specially treated sheepsMn. 


move parallel to itself. It thus forms a piston, 
free from leak, and can be pushed from end 
to end of the box by a slight difference of 
pressure on its two faces. The space on one 
side of the diaphragm is connected to the pipe 
by which the gas is supplied, that on the 
other to the pipe feeding the burners in which 
it is consumed. These connections can be re- 
versed by means of the slide valve mechanism 
shown in the figure. When the burners are 
lighted the gas is drawn away from the chamber 
on one side of the diaphragm and the pressure 
of the supply forces this up to the outer wall 
of that chamber ; the slide valve then comes 
into action actuated by the motion of the 
diaphragm ; the empty chamber is connected 
to the supply and the full chamber to the 
burners. The diaphragm then moves back ; 
this action repeats itself continually ; at each 
change the volume of gas filling the chamber 
has been supplied to the burners and this 
volume is known. An ordinary counting train, 
connected to the mechanism which moves the 
slide valve, records the number 6f times the 
chamber is filled and emptied and hence the 
volume of gas supplied. With the simple 
arrangement described the flow of gas would 
be checked each time the diaphragm reached 
the limit of its motion ; this is obviated by 
having two pairs of chambers with two dia- 
phragms and connecting them in such a way 
that, while one diaphragm is at the end, the 
other is in the middle of its path ; a continuous 
supply is thus maintained. 

The actual quantity of gas supplied depends 
on the pressure and the temperature of the 
meter. The pressure is maintained constant 
by the supply authorities ; changes in tem- 
perature are usually neglected, the meter being 
placed in a cellar or some such position where 
the variations are not great. 

(ii.) Wet Gas Meter . — This consists of a drum 
which revolves in a cylindrical casing. The 
casing is rather more than half filled with 
water. The drum is divided by partitions into 
compartments, four of which are shown in the 
figure. One end of each partition is always 
below the water surface, while at the other end 
there is a communication between the com- 
partment and the outer casing ; the gas enters 
through the central shaft and passes to the 
burners through a pipe leading from the outer 
casing. In the diagram. Fig. 44, compartments 
B and C are filled with gas ; C is in com- 
munication with the casing and is thus supply- 
ing the burners ; communication between B 
and the inlet has just been cut off and gas is 
commencing to enter compartment A. The 
gas pressure causes the drum to rotate, thus 
opening communication between B and the 
outlet and filling A with gas ; this gas is in 
its turn transferred through the casing to the 
burners. Thus each rotation of the dram 
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supplies to the consumer an amount of gas 
equal in volume to twice the capacity of the 
U PPOT part of the drum ; a counter recording 



the number of rotations of the drum registers 
the volume passed* The dials of the counter, 
like those of the dry meter, are graduated to 
show the volume supplied* 

Fig. 44 represents the principle diagram- 
matically. Actually the meter has the com- 
partments arranged spirally, and the inlet pipe 
projects into a lenticular chamber at the back 
of the drum. A gauge-glass with horizontal 
datum line is also provided, since Variations 
in the water level inside the meter, occurring 
as they do at the area of maximum cross- 
section of each chamber, influence to a con- 
siderable extent its indications. 

Station meters are usually fitted with syphon 
overflows to ensure a constant level. The 
drum operates the pointer of the recording 
dial through a stuffing gland and this must be 
reasonably frictionless, otherwise the pressure 
drop in the meter is considerable and this 
affects the capacity. Any stiffness at the 
gland usually manifests itself by a surging 
motion of the water in the gauge-glass during 
the rotation of the drum. 

In the use of wet meters for experimental 
work attention should be given to the position 
of the pointer when the meter is read, for, 
although the instruments may be accurate 
when the quantity of gas measured is equi- 
valent to several complete revolutions of 
the drum, they rarely indicate correctly for 
fractions of a complete rotation. Hence the 
meter should always be started and stopped 
at the same point when making a test. 

§ (23) Pitot Tube Method. — The Pitot tube 
is frequently used in scientific investigations 
for the measurement of the velocity of the flow 
of fluids in pipes. A detailed description of 
this instrument, together with the gauges em- 
ployed with it, will be found in the article on 
“ Friction 55 in Volume I. 


§ (24) The Vehtubi Type Air Meter. — 
Theoretically the Venturi tube 1 is one of the 
most satisfactory forms of flow meters. The 
smooth curves 
of the up- 
stream and the 
throat - sections 
ensure that the 
square root law 
is almost ex- 
actly obeyed, 
and the loss of 
head due to the 
insertion of the 
meter in the 
pipe line is 
ex ceedingly 
small. When 
used for gas 
measurement 
the pressure 
difference for 
the majority of 
practical cases 
does not exceed 
one pound 
per square 
inch. Conse- 
quently it is de- 
sirable to have 
a precision 
manometer to 
measure these 
pressure differ- 
ences. One convenient form of gauge for this 
purpose designed by Mr. J. L. Hodgson 2 is 
shown in Fig. 45. 

(i.) Hodgson Gauge . — The gauge consists of a 
barometer in which the cistern is made air 
tight and connected with the pressure side of 
the Venturi tube and the upper end of the • 
column to the suction side. The cross-section 
of the reservoir is large compared with that 
of the tube, so that when pressure is applied to 
the liquid in the reservoir nearly the whole 
change of head occurs in the tub© and the 
variations of pressure are given by multiplying 
the change of height by a constant depending 
on the ratio of the section of the tube to that 
of the reservoir. 

The change of level of the liquid in the gauge- 
glass is measured by means of a travelling 
microscope, shown in Fig. 45, which is moved 
by a guide -screw. A graduated dial is fitted 
in connection with the handle by which this 
screw is rotated, so that readings accurate to 
about one-thousandth part of an inch can be 
taken. One of the practical difficulties met 
with in designing an instrument that would 
enable a change of liquid level to be read to 
anything like this degree of accuracy was the 

1 See “ Meters/’ § (30). 
a Min . Proc. Inst. Civil Fng., 1917, cciv. 108. 
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difficulty of obtaining a definite and consistent 
reading on the meniscus* It is overcome by 
using a microscope of about thirty diameters 
magnifying power and a gauge-glass of five- 
sixteenths of an inch internal diameter, and 
illuminating the meniscus always in the same 
direction. It will be seen {Fig. 45) that the 
gauge-glass passes through a tube which slides 
on the end of the microscope. The inside of 
this tube is blackened to prevent cross -reflec- 
tion. High accuracy can only be obtained 
by using oil or alcohol as the mano- 
meter liquid, since, even with the cleanest 
gauge-glass, a water meniscus is apt to be 
sluggish. 

(iL) Meter with Compensation for Specific 
Gravity Changes of the Gas. ( a ) Description . 
— In large stations the meters required be- 
come exceptionally clumsy if of the wet type. 
Consequently attention has been given to 
the adaptation of the Venturi type of meter 
when these enormous volumes of gas have 
to be dealt with. Now the Venturi meter 
(see “Meters/’ § (30)) measures the weight 
of fluid passing per unit time, and, con- 
sequently, if the density of the gas varies, or 
the pressure, the readings obtained would not 
be a true measure of the actual volume passing. 
Hodgson has modified the Venturi meter so 
that the variations in the density are auto- 



of a small wet gas meter F, which is rotated 
continuously by gas escaping from the main 
through a small orifice A to the atmosphere, 
the pressure across this orifice being main- 
tained constant by a specially sensitive regulat- 
ing valve. Since the rate of flow through this 
orifice, across which the difference of pressure 
is maintained constant, is inversely propor- 
tional to the square root of the density of the 
gas, the variation in speed of the wet meter 
gives the exact compensation required, and 
the counter registers the actual volume passing. 
It will be observed from Fig. 46 that the 
regulating valve is compensated for changes 
of level of the liquid seal by means of the dis- 
placer D, and for variations in the inclination 
of the balance arm by the weight C. The 
ratio of the area of the bell to the area of the 
controlled orifice is made large enough to pre- 
vent variations in the pressure from affecting 
the accuracy of working. In practice the 
valve maintains the head across the orifice O 
correct to within ± 0*002 inch of water. 

( b ) Mathematical Theory . — The gaseous discharge 
in cubic feet per minute through a Venturi tube is 
given by the relation 


*1 






( 1 ) 


where T 1( is the absolute temperature and p t the 
absolute pressure at the Venturi up-stream, p 2 ^he 
absolute pressure at the Venturi throat, K x a numerical 
constant, and A the specific gravity of the gas 
relative to air. The distance between the Kero 
position of the point of the feeler H and the surface 
of the cam E is made proportional to for 

each position which the cam is caused to take up 
by the bell B. Each time the feeler is raised from 
the surface of the cam, an amount proportional to 
this distance is added on to the counter-train Z by 
means of a pawl and ratchet. The counter thus 
registers an amount proportional to 


matically taken account of. His form of 
gas meter is shown diagrammatically in 
Fig. 46. 

The Venturi head is measured by a water- 
sealed bell whose motion is transmitted by 
suitable means to a cam E. This is so shaped 
that the feeler H which comes into contact 
with it adds on to the counter-reading an 
amount proportional to the square root of the 
Venturi head at each revolution of the heart- 
shaped cam G which actuates it. If this cam 
were rotated at a uniform speed by F the rate 
of registration for a given flow in the main 
would be proportional to the square root of the 
density of the gas passing, and the meter would 
therefore only read correctly for gas of a par- 
ticular density. The correction for variations 
in the density of the gas is obtained by making 
the speed of rotation of the heart-shaped cam 
depend upon the density by driving it by means 


.... ( 2 ) 

where N is the number of revolutions per minute 
of the meter F. 

The rate of rotation of this meter depends upon 
the discharge through the orifice 0, which is given 
by the relation 



where and p 5 are the pressures on the up-stream 
and down-stream sides of the orifice respectively, 
and T 4 the up-stream temperature. 

If D 3 is the number of cubic feet per minute pass- 
ing through the meter F at temperature T$ and 
pressure 


D =- D *ii 





(P4-P5) 
A-P 5 



T a p x 
T 4 pi’ 


- ( 4 ) 
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Putting N = K 3 D 3 , 

quantity registered =K(p 1 - p 2 )% x K 3 D 3 

=K . K 3 . • T 4 ^ 


Now if (p^ — Pq) is kept constant by means of the 
regulating valve M, and if, by suitably arranging 
the apparatus, the temperatures T 3 and T 4 are made 
sensibly equal to T 1? and the joressures p 3 , p 4 , and 
Pb to Pz> equation (5) becomes 

Quantity registered = K 1 J f (6) 

which is identical with equation (1). 

A meter of the above type was tested against a 
drum-type station meter for a period of two years 
and the indications of the two meters always agreed 
within :t 1 per cent. 

The disadvantage of the meter is the liability of 
the Venturi tube to become clogged with naphthalene, 
tar, etc. In order to reduce this to a minimum, the 
tube should be installed vertically in a by-pass 
with the gas entering from above, so that any liquid 
carried along by the gas will not collect in the meter 
and pressure tubes, 

§ (25) The Diaphragm Method. — A simple 
device for measuring the flow of gases in pipes 
which is coming into extended use consists of 
a diaphragm orifice inserted in the pipe line 
with appropriate means of measuring the drop 
of pressure across it. The method, in general 
principle, is similar to the Venturi tube, but 
has the advantage of being cheap to construct 
and install. On the other hand, the Venturi 
tube is theoretically a more reliable instrument 
and is to be preferred when high accuracy is 
aimed at. 

In its most elementary form the diaphragm 
is a thin plate placed symmetrically in the pipe 
line. The diaphragm has a square-edged hole 
bored through it ; it is essential that the edges 
should be square, for it has been found that 
round-edged orifices are not interchangeable. 

The differential pressure is obtained at two 
holes drilled close to the faces of the dia- 



phragm, as shown in Fig . 47. The pressure is 
measured by the usual types of manometers 
and recorders already described in connection 
with Venturi meters. 


Another practical advantage of the dia- 
phragm over the Venturi tube is the fact 
that one diaphragm can easily be changed for 
another with a hole of a different size to give 
the most suitable pressure difference for the 
particular recorder available. 

(i.) Distribution of Pressure in the Pipe Line 
in the Vicinity of a Diaphragm . — The action of a 
diaphragm on the stream is similar to that of 
a submerged weir notch, and it sets up a con- 
verging stream which reaches its maximum' 
contraction some distance down-stream from 
the orifice. In Fig. 48 some typical curves are 



shown for various ratios d 2 /d x of orifice opening 
to pipe diameter. 1 

There is some difference of opinion as to the heat 
location for the pressure holes ; some workers insist 
that the most reliable results are obtained if these 
are placed as close to the plate as possible on both 
sides, whilst others claim that the best positions arc 
as follows : 

(a) On the up-stream side at the point at which 
normal flow is discontinued and the stream begins 
to converge, which point is about eight- tenths the 
diameter of the pipe up-stream. 

(b) On the down -stream side at the section of 
maximum contraction of the jet, which occurs 
about four-tenths of the pipe diameter away from 
the orifice. 

These two positions, it is claimed, give the steadiest 
reading of the pressure difference and also the highest 
value. 

The effect of rounding or bevelling the edge of 
the orifice is at once evident when the behaviour 
of a contracted jet is considered, as the area of 
the stream at its maximum contraction must 
vary accordingly, and the discharge coefficients 
obtained by the use of sharp-edged orifices 
cannot apply to the case of a round-edged 
orifice of the same area. * 

The actual pressure drop is greater than the 
head lost by the insertion of the diaphragm, as 
will he seen from an. inspection of the curves in 
Fig . 48. The values hero shown are plotted for 

1 In Fig . 48 the ratio c hf(h is ^denoted by r for clear- 
ness. 
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on© particular velocity and various values of [ 
djd l9 where d x is the diameter of the pipe and 
d t of the orifice. The recovery is greatest for 
large values of djd 19 and the point of maximum 
recovery of pressure travels farther down- 
stream as the ratio djd x is reduced. It is 
worthy of note that in cases where dfid x is 
large, more than half the differential pressure 
is recovered without any special means being 
taken, such as the fitting of a diverging cone, 
to effect such recovery. 

The laws of flow through orifices have been 
investigated experimentally by a number of 
observers. Hodgson, in particular, has de- 
voted much time to the development of com- 
mercial meters based on this principle. In the 
course of extensive experiments he found that 
when the diameter of the orifice was more than 
about three-quarters that of the main, the co- 
efficient of discharge became very dependent 
upon accurate centring and smoothness of the 
pipe surface on the up-stream side of the 
orifice. This difficulty could be partially over- 
come by fitting two or more sets of pressure 
holes in a circumferential belt. In a further 
development of this type of meter Hodgson 
replaced the concentric disc constriction by a 
plate projecting into the pipe, the whole area 
of the obstruction being concentrated around 
the pressure holes in the form of a segment of 
a circle bounded by a chord, as shown in Fig. 
49. In places where high velocities of flow had 
to he measured it was found more satisfactory 
to replace the straight chord by the arc of a 
circle with centre at the pressure holes. 



The law of the flow may be expressed by the 
formula 

Q=5^A[(P 1 -P 2 )W 1 ]l, . . . (1) 


where Q is the discharge in pounds per second. 
5 is defined as the “ discharge intensity coefficient ” 
for the particular type of constriction. This co- 
efficient includes the discharge coefficient Q, and 
the ratios of the area of the main to the area left by 
constriction n ; the actual value of d is 


£2 


( 2 ) 


<p is a term which allows for the compressibility of 


the fluid. Its value for various values of n and Pg/^i 
is shown graphically in Fig. 50. 



A is the area of the pipe at the up-stream pressure 
hole in square feet. 

P x and P 2 are the pressures at the up-stream and 
down-stream pressure holes respectively in pounds 
per square inch. 

W x is the density of the fluid in pounds per cubic 
foot at the up-stream pressure hole. 

For pure dry air W x ==2*0998 P^yT-p where T x is 
the absolute temperature in degrees Fahrenheit. 

For a square-edged orifice having a diameter less 
than three-quarters of that of the main, and pressure 
holes in the plane of the orifice, and for <p = 1 (nearly), 
the equation for the flow reduces to 

AF P 

Q =0-608 ^=[_(Px-P 2 )^J lbs. per second. (3) 

(ii.) Variation of the Discharge Coefficient Q, 
with the Diameter of the Orifice and the Head 
producing Discharge . — Hodgson investigated 
the laws of discharge for a range of diameters 
varying from one-sixteenth of an. inch to nine 
inches. In these experiments water was used 
on account of the ease with which it could 
be metered. As was shown in § (21) dealing 
with “ The Calibration of Air and Steam 
Meters,” the value of the discharge coefficient 
is the same for air and water under certain 
conditions. 

In his experiments the orifices were in all 
cases geometrically similar to the pressure 
holes in the plane of the orifice, as shown in 
Fig. 47. Great care was taken in the pre- 
paration of these smaller orifices. They were 
made in hardened steel to ensure that their 
edges were exactly square and withoxit the least 
trace of cc wire edge.” Their diameters were 
measured in four directions at 45° to on© 
another by means of a travelling microscope. 
The orifices were fitted in a length of bored 
pipe. His results show that, for all values of 
within these limits, and for all values of 
I d 2 /d x less than 0*7, after the critical head has 
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been reached the coefficient of discharge for investigation of the value of the dis- 
any orifice ‘will not differ by more than ± 1 charge coefficient for square - edged* orifices 
per cent from the value 0*608. Relow the is interesting from a laboratory point of 
critical head the water discharge varies as view only, as the sharpness of the square- 
(P x - P 2 ) m , where m is about 0*49. edge is very apt to be damaged by hand- 

The experimental values of the discharge ling or by erosion due to the flow. The 
coefficient, and approximate 1 values for the value of the discharge coefficient then 
critical head, are given for the smaller orifices increases, and the discharge through the 
in the following table : orifice can no longer be inferred with certainty 

from previous tests. For this 
reason, although the use of 
square-edged orifices is to he 
recommended for standard 
work on account of the ease 
with which they may he re- 
produced accurately and the 
exactness with which the co- 
efficient is known, for com- 
mercial work orifices which 
have slightly rounded edges 
thickness of orifice plate in inches. are commonly used. The value 



Hence for values of d 2 jd 1 which lie between 
zero and 0*7 the coefficient of discharge does 
not differ materially from 0*608. 

For values of d 2 /d x which are greater than 
this the discharge coefficient gradually dimin- 
ishes, and is so sensitive to minute varia- 
tions in the conditions under which the orifice 
is installed, owing to the rapid variations in 
the pressure immediately up - stream and 
down - stream of the orifice, that it is pre- 
ferable to calibrate each individual orifice 
in situ . 

In some other experiments in which the flow 
of air was studied it was found that the dis- 
charge coefficients for these square - edged 
orifices are identical with the water values only 
in the limit when P 2 /Pi is unity. As P 2 /Pi 
diminishes, the discharge coefficient increases 
according to what is apparently a straight line 
law, which, if assumed to hold beyond the 
limits of the experiment which Hodgson was 
able to make, would seem to indicate a value 
of 0*914 when the ratio Pa/Pi is zero. The 
value of the discharge coefficient for various 
values of P 2 /Pi is given with fair accuracy by 
the relation 0 = 0*914-0*306 P 2 /P x , as shown 
graphically in Fig . 51, which represents experi- 
mental results for the following series of values 
of d 2 : 


d i. 

^2- 

5-995" 

0*670" 

5*995 

1-001 

5-995 

1*568 


The same relation holds approximately 
(within ± 1 per cent) for steam flows. The 

x The critical head does not occur at any very 
well-marked point. 


of . the discharge coefficient for 
such orifices must be determined in each 
individual case by actual calibration, but 



Values Of P 2 /R Thiohnesa^0*Q2d z 

' d t = 7 * 3d z upwards 

Fia. 51. 

has the advantage that it changes far less 
with erosion. 

§ (26) Electrical Types of Gas Meters. — 
Besides the above-mentioned types of gas 
meters a number of novel forms based on 
electrical measurement have been developed 
in recent years, and one at least of these has 
been made on a commercial scale. 

(i.) The Thomas Gas Meter * — This meter 
was invented by Professor Carl C. Thomas, of 
the University of Wisconsin. It is based on 
the measurement of the heat required to raise 
the temperature of the gas through a known 
range of temperature. 

The electrical energy required to produce 
the change in temperature is measured, and, 
as is shown later, is proportional to the weight 
of gas flowing. 

Electrical resistance thermometers are used 
to regulate the temperature range through 
which the gas is heated, because with 
thermometers of this type very small differ- 
ences of temperature can be accurately 
determined. 

If E is the amount of energy required to 
raise the temperature of Q units of weight of 

2 Journ . Frank . Instit 1012, 4 11. 
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gas through t degrees, and if s is the specific 
heat of the gas at constant pressure, then 



In this meter the heater unit has its resist- 
ance material distributed over the section of 
the passage so that all of the gas is heated. 
The resistance thermometer screens are like- 
wise distributed over the passage, so that the 
average temperature of the gas is obtained. 
The arrangement of the circuits of this meter 
is shown diagrammatically in Fig. 52. 



Within the pipe is an electric heater unit 
between two electric thermometer units T x 
and T 2 . The heater consists of spiral turns of 
bare resistance wire wound around a conical 
supporting frame. In the heater circuit is a 
rheostat for regulating the electrical energy 
supplied to the heater and the instruments for 
measuring the energy. 

The thermometer units form two arms of a 
Wheatstone bridge, the other two arms being 
fixed coils of wire which has a negligible 
temperature coefficient of resistance. 

A small rheostat is connected in series with 
one of the thermometers for balancing the 
bridge,, and the thermometer on the inlet side 
lias a small resistance Rirp in series which is 
equal to the increase in resistance of the 
thermometer on the outlet side when its 
temperature is raised by a definite amount 
(usually about 2° 3?,). 

This resistance coil is termed the «« tempera- 
ture difference coil,” and is so arranged that 
it can be short-circuited by a plug as shown 
in Fig. 52. 

The operation of this meter is as follows ; 
With gas flowing through the meter, but with 
no energy expended in the heater and with 
temperature difference resistance R T shorted 


out, the two thermometers are brought to 
exact balance by means of the rheostat. Then 
the resistance Rt is inserted into the circuit, 
and sufficient electrical energy is supplied to 
the heater to again balance the bridge : that 
is, sufficient electrical energy is supplied to 
bring the exit air or gas to a temperature two 
degrees higher than that of the entering gas, 
regardless of the absolute temperature. The 
electrical measuring instruments in the heater 
circuit then indicate the energy required to 
raise the temperature of the gas through a 
known range. 

It will he observed that so long as the 
specific heat is constant the meter is inde- 
pendent of pressure and temperature changes 
in the gas, and measures the rate of flow in 
weight units and not volumetric units. 

(ii.) Conditions which affect Specific Heat . — 
It is well known that the specific heats at 
constant pressure of the permanent gases such 
as air, nitrogen, and hydrogen, are independent 
of the pressure within ordinary working limits. 

Variation in chemical composition of the gas 
will, however, affect the specific heat. Also 
the percentage of water- vapour present has 
an appreciable influence since the specific heat 
of water- vapour is approximately twice that 
of air. 

In any case, each particular installation 
requires a calibration since distribution of 
velocity over the cross-section of the pipe is 
dependent on local conditions, such as 
proximity to bends, etc., and it is only under 
certain ideal conditions that it is possible to 
obtain the coefficient of the meter by calcu- 
lation. 

(iii.) Commercial Form of the Thomas Meter.— 
In its original form the commercial meter 
worked on the principle of supplying a known 
constant energy to the gas, and of graphically 
recording the resultant rise in temperature. 
In its later form it automatically maintains a 
constant temperature increase in the gas and 
measures the energy required to produces this 
increase. Temperature difference on the two 
sides of the heater can be maintained constant 
to a sufficient accuracy by a simple device in 
connection with resistance thermometers which 
regulates the electric energy in the beater. 
Since the specific heat of a unit weight of the 
gas remains constant for small variations of 
temperatures and pressure, and since the 
temperature rise is maintained constant, the 
weight of gas flowing must be directly pro- 
portional to the electiical energy dissipated in 
the heater. Thus with this meter the only 
quantity necessary to be measured is electrical 
energy, and this can be done by means of 
commercial watt meters of either the graphical 
or integrating type. 

Fig. 53 is a diagrammatic sketch of the com- 
mercial form of the meter. It differs from the 
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manually controlled meter only in that it is 
provided with an automatic device for main- 
taining a constant temperature difference in 
the gas on the opposite sides of the heater unit. 



An increase in rate of flow of gas through the 
meter will cause the thermometer T a to become 
less than its normal two degrees warmer than 
thermometer T x . This decreases the resistance 
of T a with respect to T x , and causes a deflection 
of the galvanometer needle N to the right, the 
amount of the deflection depending upon the 
amount of change that has occurred in the 
rate of flow. On the shaft S of the rheostat, 
which is in series with the heater, is a 
toothed wheel W . At the right and left edge 
of this toothed wheel two pawls, I? and J? l9 
move with continuous reciprocating motion 
through an arc having the length of three teeth 
on the edge of the wheel A one-eighth horse- 
power motor on the front of the panel runs 
continuously at a constant speed and drives 
the bell -cranks carrying these pawls. It also 
drives a contact drum I) and a crank C, which 
causes a bar R to clamp the galvanometer 
needle N at intervals of a few seconds between 
a series of metallic contacts. If the change 
in gas flow has deflected the galvanometer 
needle so that it is clamped between the right- 
hand upper and the lower contact, the pawl P 
will engage the toothed wheel when segment 
No. 3 on the revolving drum engages with its 
contact finger and energises the magnet on P x . 
This contact will occur when the pawl is at 


the bottom, of its stroke, and the drum segment 
will keep the pawl engaged until it reaches the 
top of its stroke. Thus the deflection of the 
needle three divisions to the right has caused 
the rheostat arm to be moved so that the 
heater energy has been increased three steps. 
Had the flow of gas decreased, the deflection 
of the needle would have been to the left, and 
the heater energy would have been decreased* 
Had the deflection of the needle been only two 
divisions, the heater energy would have been 
changed two steps, etc. So long as the gas 
flow remains constant the galvanometer needle 
remains balanced and the heater energy 
remains unchanged. Thus the energy in the 
heater is automatically regulated to maintain 
a constant temperature difference of about 
2° F. in the gas. Tins accomplished, it only 
remains to measure the electrical energy in the 
heater, which is done by an integrating watt 
meter, as shown in the diagram, or by a 
graphical wattmeter, which traces on a record 
roll a continuous curve showing the rate of 
flow of gas at any time. 

Fig, 54 is a sketch of a typical installation, 
in which the resistance wire is wound on a 
dou bio-ended. cone, win le the th erm o 1 1 \ atom 
arc in the form of two screens distributed over 
the area of the pipe. The thermometer and 
heater units are assembled in an inner easing. 



around which is a gas jacket to reduce loss of 
heat. 

In the installation of a meter of this typo 
attention should bo given to the nature of the 
distribution of velocity in the pipe line in the 
particular case under consideration. 

The disposition of the resistance thermo- 
meter coils across the section of the pipe, as 
illustrated in Fig. 54, would no doubt tend to 
average out sm a I 1 irregularities in a stream 
moving with a practically uniform velocity ; 
but experiments on the flow in pipes show that 
the velocity distribution is never uniform, being 
stream line or turbulent according to the con- 
ditions of flow, and the theory of the meter for 
these cases needs working out. 

(iv.) Tim King Meter . 1 — A totally different 
typo of electrical gas meter has been proposed 
by Professor L. V. King. 

x J ourn. Frank . ImtiL, January 100(1. 
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This meter is "based on the same principle as 
the hot-wire anemometer. 

Essentially a hot-wire anemometer consists 
of a platinum wire heated to a certain excess 
temperature above the surrounding atmo- 
sphere. 

Experiments have shown that the heat loss 
from the wire is proportional to the square 
root of the velocity of the stream past the wire. 

It also depends upon the density, specific 
heat, and thermal conductivity of the gas. 

King has developed formulae connecting 
these variables with the heat loss per unit 
length of the wire when maintained at a definite 
excess temperature; The hot-wire anemo- 
meter is frequently employed for measuring 
wind velocity. 

When applied to measure the velocity of gas 
passing along a pipe an automatic arrangement 
is used for maintaining the wire at a definite 
* excess temperature ; the method employed 
being similar in principle to that described 
above in connection with the Thomas meter. 

The hot wire is carried in an open -frame- 
work: and projects into the pipe along a 
diameter. 

V. Liquid Meters 

The meters employed in industrial measure- 
ments of liquids may be broadly classified into 
three types : 

The displacement or positive type in 
which a chamber is charged and discharged 
alternately. 

The continuous flow type which involves 
the measurement of the velocity of a stream 
and a mechanism for integrating the total 
flow over a time interval. 

Automatic weighing machines adapted for 
dealing with liquids. 

The majority of the meters described below 
have been designed for water measurement. 

The primary requirements in the case of 
water meters are reliability and automatic 
action. Eor many purposes it is also desirable 
that the meter should be of such a type that 
it can be inserted in a pipe line carrying water 
under pressure and that not much head of 
water is absorbed for its operation. Positive 
type meters are generally used for this work. 

§ (27) Displacement or Positive Type 
Meters, (i.) The Kennedy Meter . — One of the 
oldest meters of this class is the Kennedy 
meter, invented by Thomas Kennedy in 1852, 
and shown in Fig. 55. The vertical measuring 
cylinder is provided with a piston kept tight 
by a rubber ring, which rolls between the 
surface of the cylinder and the bottom of the 
wide groove in the piston, so avoiding sliding 
friction. The upper end of the piston rod is 
provided with a rack which rotates a pinion 
connected with the counter, and also operates 
the valve gear. The pinion carries an arm 


L-Counter 1 


which catches the haft of a swinging hammer ; 
the arm lifts the hammer until it has passed 
its dead centre, when the hammer falls over 
by gravity and strikes a finger connected 
with the valve 
gear and so re- 
verses the motion 
of the piston, and 
similarly on the rwoiaau 
return strok e. The 
swinging hammer 
prevents the valve 
from stopping in 
its mid - position. 

A buffer is pro- 
vided which ab- 
sorbs any surplus 
energy in the 
hammer, which 
comes to rest with 
a thud. 

It will be ob- 
served that the in- 
dicating mechan- 
ism measures the length of the stroke, 
and not the number of reciprocations. This 
is important, because the travel of the piston 
is subject to accidental variations, due to 
speed of working, friction, etc. By means of 
a double ratchet, operating through little 
bevels, the length of the stroke is measured 
continuously during both the up and down 
motions of the piston. 



Rubber 
- rolling 
/xi eking 


Fig. 05. 
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with the piston and cylinder type of meter, 
which is essentially an integrating meter, it 
becomes necessary to introduce a clock and 
drum, by means of which the number of 
operations in unit time are recorded graphic- 
ally. 

There are a number of other meters of this 
class, of which the Chadwick and Frost, and 
the Worthington are well-known types. The 
latter meter was designed primarily for use 
in connection with boiler plants, and is similar 
to the ordinary duplex double-acting water 
pump manufactured by the same firm. 

(ii.) Nutating Piston Meter.— This meter 
belongs to the same category as the rotating 
pump used for charging gasometers. The 
action of the pump will be understood from a 
consideration of a simplified ease. 

Imagine a hollow cylinder containing a 
smaller cylinder capable of rolling round inside 
(see Fig. 56). A partition which can slide radi- 
ally is fitted along one diameter and thus pre- 
vents passage of liquid across ; on either side of 
this partition is situated an inlet and an outlet 
pipe. In the position of the cylinder shown by 
the strong line water is entering the portion A ; 
that in B is being forced out through the 
outlet. When the cylinder has come into the 
position shown dotted, the water in A hap 
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been transferred to the outlet side of the 
diaphragm ; the inlet pipe was closed as the 
cylinder passed its mouth and the water is 

just beginning to enter 
the space between the 
cylinder and the dia- 
phragm. Each rotation 
of the cylinder causes 
the transference of a 
volume of water equal 
to that between the 
cylinder and its casing. 

In the meter the 
cylinders a>ve developed 
into a cone and disc 
inside a spherical cas- 
ing. This arrangement has the advantage 
of permitting the meter to be double- 
acting. 

The meter is illustrated in Fig. 57, whilst 
Fig . 58 is an enlarged view of the disc and 
casing. A disc of vulcanite is mounted on a 




Fig. 57. 


ball working in sockets at the top and bottom 
of the chamber and just touches the sides of 
the chamber all the way round, dividing it 



Fia 58. 


into an upper and lower compartment, Each 
compartment is divided by a thin partition 
extending half-way across and passing through 
a slot in the disc. The disc does not rotate, 
but moves so that the axis of the ball describes 
a cone, while the disc tilts about its line of 


intersection with the diaphragm and this line 
moves up and down across the diaphragm. 

In the position shown in Fig . 57 the water 
will enter from above, as indicated by the 
arrow at one side of the partition, and tilt the 
back edge of the disc upward and the opposite 
edge downward, forcing water out through 
the lower opening at the rear side of the 
partition. The result of this is to bring the 
disc into a position in which the water now 
enters on its opposite side and to connect the 
space below the disc with the outflow ; while 
one compartment is filling another is emptying, 
making the flow continuous. The end of the 
spindle projecting upward from the disc 
follows a circular path. In revolving it pushes 
around a little lever attached to the spindle 
of the gears in the middle compartment, which 
in turn move the hands on the register dial. 
Each complete movement corresponds to filling 
the measuring chamber once. The number of 
times this is done is recorded by the dials. 

(iii.) Disadvantages of the Piston -type 
Meter . — Although the displacement meter is 
theoretically the most accurate type, there are 
serious practical disadvantages if the water 
is not free from solid matter, such as sand, 
etc., on account of the friction and wear of 
the close-fitting ports, and this defect is 
especially noticeable with the nutating piston 
form, which has no packing on the piston. 

§ (28) Petrol Measuring Pumps. — Measur- 
ing pumps for the retailing of petrol are 
coming into general use, as they facilitate the 
storage of the liquid in underground tanks. 

The pumps employed for this purpose are 
identical with the common piston pump, but 
especial attention is given to the elimination 
of the leakage past the valves and packing. 
The entire prevention of leakage is a difficult 
matter to achieve with a liquid like petrol, so 
in some types of meters the function of the 
pump is merely to fill a vessel of definite 



capacity to overflowing, the surplus liquid 
being returned to the tank. 

The principle of this system will he under- 
stood from an examination of Fig . 59. 
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Meters in which, the volume of petrol 
supplied is determined by the length of the 
stroke of the piston are usually made with 

leather cup pistons 
as illustrated in 
Fig. 60, the leather 
being pressed into 
close contact with 
the cylinder walls 
by the use of a 
coiled spring. 

In these meters 
the piston - rod is 
attached to a rack 
so that the operator 
moves the piston 
slowly up and down by means of a spur 
engaging in this rack. 

§ (29) Watee Misters or the Continuous 
Flow Type. — Great accuracy of measurement 
is not generally required in water measure- 
ments, consequently the very simple type in 
which the water operates a turbine and 
revolution-counting mechanism is extensively 
used. The meters have the advantage of 
being fairly cheap to construct and are capable 
of dealing with large volumes of water. Owing 


Since it is assumed that the turbine wheel 
rotates at such a speed that there is no slip 
between it and the water stream, especial 
attention has to be given to the bearing 
surfaces of the moving parts to make them 
as frictionless as possible. 

The general arrangement of the meter will 
be understood from Fig . 61. It will be seen 
that the water enters the main easing through 
the strainer. The column then divides. Hewing 
to both sides of the double wheel, which carries 
two sets of vanes ; thus a water balance is 
secured and the end thrust eliminated. 

The wheel is surrounded by a chamber of 
volute pattern, providing at all points of 
the circumference the cross -seeth mill area 
necessary to handle the amount of water dis- 
charged by the wheel, at the same time eon- 
serving the speed of the water column. The 
wheel is of vulcanised rubber composition, of 
practically the same specific gravity as water, 
and is carried on a vertical shaft of Tobin 
bronze which turns in a jewelled bearing. 
Owing to the water balance mentioned, the 
friction at this point is slight, being only that 
due to excess weight of the wheel ami shaft 
over that of the water displaced ; the only 
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to leakage they are not very accurate, but 
sufficiently so for most commercial require- 
ments, and they operate best on circuits where 
the water is drawn off a full bore and then 
shut off entirely. 

(h) Worthington Turbine Meter . — A typical 
meter of this class is the Worthington turbine 
meter. This meter is identical in principle 
with the turbine pump. 


parts which are subject to wear are the counter* 
gearing, and the bearing points. 

(ii.) Gone and Disc '’Meters 'This meter is 

one of the simplest types in use at the present 
time and was invented by <S. R Deacon for 
detecting and recording waste. In it a weighted 
disc lies in the smaller end of an inverted cone 
(see Fig. 62). This disc is moved vertically by 
the flow of water, which causes an increase of 
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the annular area between the disc and the 
cone proportionate to the increase of water 
passing through the meter. The motion of 

the disc is conveyed by 
an attached wire to a 
pen which records the 
position on a time- 
driven chart. 

( iii . ) I n teg rat i ng 
Mechanism . — The late 
Lord Kelvin devised an 
exceedingly simple in- 
tegrating device for use 
with this meter. He 
arranged that the meter 
spindle should draw a 
counter driven by a 
small vernier wheel 
across the centre line of 
a horizontal time-driven disc or plate. The 
reading of the counter will depend on the 
position of this wheel on the disc. In the 
actual centre of the time-driven disc there is 
obviously no motion, and if the vernier wheel 
of the counter is resting on this centre, then 
no movement is transmitted to the counter. 
When the maximum flow occurs the counter is 
drawn by the action of the meter from the 
centre to the periphery of the time-plate, so 
that the maximum motion of the plate is 
transmitted to the counter. By this intercon- 
nection of the disc and vernier wheel the 
distance of the latter from the centre is pro- 
portional at any point to the amount of water 
passing through the meter. The vernier wheel 
is thus enabled to run on the time disc and 
totalise the amount of water which has passed 
through the meter for any required period. 
The movement of the vernier wheel is com- 
municated to the spindle of the meter through 
an ordinary fusee device, of form common in 
English lever and verge watches. This fusee 
is corrected by calibration to give the j)roper 
movement of the vernier wheel. 

The chief friction in the meter is between the 
disc wire and the gland, and this, it is stated, 
need not exceed 2J oz. Added to this is the 
friction due to the bending of the flexible cords 
in the fusee. It is important that the frictional 
force should remain constant and of definite 
magnitude. The makers claim an accuracy of 
better than 1 per cent for this meter. 

(iv.) Accuracy of Water Meters used on 
Domestic Supply Mams . — Water meters are 
commercially accurate instruments. Cases of 
meters which register correctly when installed 
and over-register after being in service are 
very rare. Any derangement of the meter 
from dirt entering the working parts or from 
other causes is likely to slow the meter down 
and cause it to under-register. There is usually 
a small amount of unavoidable leakage through 
the meter which causes it to under-register 


when very small quantities of water are 
passing. 

§ (30) The Venturi Meter. 1 — The applica- 
tion of the Venturi tube to the metering of 
water is due to Clemens Herschel, who con- 
structed an instrument working on this prin- 
ciple in 1881. 

Herschel named the meter cc the Venturi ” 
in honour of the Italian investigator who made 
a study of the flow of water in pipes of varying 
cross-section. 

The Venturi meter has a sound theoretical 
foundation. Its operation is dependent on 
the fact that if a stream of water flows through 
a frictionless and horizontal pipe of varying 
section which it completely fills, the pressure 
of the water is smaller in the narrow sections 
and greater where the pipe is of large diameter. 
Since the same quantity of water flows through 
each cross-section of the pipe, its velocity must 
vary inversely as the area of the pipe, and its 
kinetic energy will therefore be greater at 
these cross-sections. As, by hypothesis, its 
total energy is unaltered through the flow, it 
follows that what it gains in kinetic energy it 
must lose in pressure energy, the sum of these 
two remaining constant from one end of the 
pipe to the other. 

Expressing the same conditions mathe- 
matically, it can be shown that if A and a be 
the areas of the cross-section of the main pipe 
and the throat respectively, then the mean 
velocity V across the section at A is given by 
the expression 

/ '2{7(P - j>) ~ 

V d[(A/a)* -T]’ 

where d is the density of the liquid and g the 
acceleration due to gravity. 

Hence the velocity of flow is proportional to 
the square root of the observed pressure 
difference. In practical cases viscosity of the 
fluid and pipe friction renders the velocity 
somewhat less than the calculated value, 
although in large pipes it may reach a value 
99-5 per cent of the theoretical. 

The meter finds its greatest field of applica- 
tion for the measurement of large supplies, 
and it is stated that meters are in service 
each unit of which deals with as much as 
500,000,000 gallons per day, passing through 
200-inch diameter conduits. 

(i.) The general method of construction is 
illustrated in the diagram ( Fig. 63). The inlet 
converges sharply to the throat while the 
outlet expands more gradually ; an angle of 
divergence of 5° or 6° gives the best results in 
reconversion of kinetic to pressure energy. In 
practice a hollow belt is cast around the pipe 
at the up-stream side, where the pressure is 
observed, and this belt communicates with the 

1 Sec « Hydraulics,” § (24), Vol. I. The denomin- 
ator should be [(A /«)* - 1], not as printed in Vol. I. 
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inferior of the pipe by four small holes. These 
holes are bushed with vulcanite to reduce in- 
crustation. The throat is lined with a gun- 
metal casting, and also has an annular belt 



round its centre which communicates with the 
interior by four small holes. By careful 
smoothing of the curves it is possible to obtain 
at the throat about six-sevenths of the differ- 
ential pressure given by the formula, and 
also ensure that the square 
root law is almost exactly 
obeyed. The actual velo- 
city corresponding to a 
given fall of pressure is less 
than the calculated from 
the formula owing to the 
surface roughness of the 
pipe. Herschel found that 
the formula required a co- 
efficient varying from -94 
to nearly unity, being 
generally between -96 and 
*99. 

The ratio of the converg- 
ence A/ a is generally 9 to 1, 
but of course is adjusted to 
meet the requirements of 
each case. Too high a ratio 
of convergence is generally 
inadmissible owing to the 
loss of head in passing the 
meter. 

(ii.) Recording Meter for 
Venturi . — In practice it is 
desirable to have a record 
of the quantity passing at 
any instant. In one form 
of meter this is effected by 
means of the following de- 
vice. At the base of the 
instrument are arranged a 
couple of cylinders filled 
with water. From the bottom of each cylinder a 
pipe leads off to the Venturi, one being coupled 
to the up-stream and the other at the throat ; 
so the height of the water column is the press- 
ure head at the point of the Venturi to which 
it is coupled. In each cylinder is a float rest- 
ing on the surface of the water moving with 
the latter. Strings lead from these floats 
around pulleys on a small differential gear 
(see Fig . 64) so that the angular deflection of 
the shaft on which the gear is mounted is pro- 


portional to the difference in the head only and 
independent of changes in both tubes simul- 
taneously of equal magnitude. This deflection 
may be recorded on a clock-driven drum, 
and from this record it is possible to find 
the total quantity discharged in any time in- 
terval. In order to eliminate the necessity of 
integrating the diagrams the instrument shown 
in Fig. 64 is provided with a mechanical in- 
tegrator. To effect this a drum is employed 
which is driven on a vertical axis by the clock 
at a fairly rapid rate, say six revolutions per 
hour. The motion of the pen arm is com- 
municated to a small wheel mounted on a rod, 
and the wheel is pressed against the drum by a 
spring. To the surface of the drum is fastened 
a sheet of metal cut in the form of a parabola, 
so that this surface is on two levels, and as the 


is very wide, and as a consequence the 
pinion will be held out of gear for most 
of each revolution. The counter, being driven 
by this pinion, records therefore the actual 
quantity passed, although the difference in 
level of the water in the tubes varies as 
the square of this quantity, for the ordinate 
of the parabola, on which the amount recorded 
depends, varies as the square root of its dis- 
tance from the vertex, and this distance varies 
as the difference in level or (P — p). 


parabolic sheet 

Differentia/ 

Gear 



Pig. 


comes round, the small wheel 
rises up on to it against the 
tension of its spring. This 
motion of the wheel in and 
out from the axis of the 
drum throws a small clock- 
driven pinion in and out of 
gear with a wheel on the 
counter. 

If, for example, there is 
a high velocity through 
the throat of the Venturi, 
the wheel will have moved 
almost to the full extent of 
its possible travel, and as a 
consequence will be nearly 
at the top of the cam drum, 
at which point the para- 
bolic sheet is very narrow ; 
hence the pinion will be in 
gear for almost the whole 
of each revolution. On the 
other hand, if the rate of 
flow is small, the wheel will 
be lowered to a level near 
the bottom of the drum, 
where the parabolic sheet 
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(iii.) Advantages and Disadvantages of the 
Venturi Meter —The disadvantages of the 
Venturi tube are (1) high initial cost of installa- 
tion ; (2) great length ; (3) difficulty of alter- 
ing the range of differential pressures without 
replacing the meter. On the other hand, it 
possesses the great advantage that the flow 
through Venturi tubes of large diameter can 
be predicted from theoretical considerations 
with a reasonable degree of certainty, when it 
would be difficult to calibrate them directly 
owing to large volumes which would be in- 
volved. 

§ (31) Notch Meters. 1 — Liquid meters in 
which the volume discharged is determined by 
the height of liquid in a notch differ in prin- 
ciple from those previously described. 

Notch meters are of considerable service 
when the liquid to be metered contains gritty 
material which would cause serious wear and 
tear if passed through the piston - pumps 
meters. The best-known notch meter is the 
V form. In 1861 Professor James Thomson 
(brother of Lord Kelvin) showed that the 
rate of flow over a V notch was governed 
by a very simple formula. For a right- 
angled notch — 

Q==2*536H- cubic feet per second. 

This formula was found to hold to better 
than 1 per cent with the results obtained in 
experiments with heads varying from two 
inches to seven inches. The formula pre- 
supposes the notch being placed in the side of 
an infinite reservoir, and it is not strictly valid 
when the stream has initial velocity. The fol- 
lowing table gives the flow for various depths 
of stream in the case of a 90° V notch. 


Flow through: 90° V Notches 


Depth in 
Notch. 

Plow in 
Gallons 
per Hour. 

Depth in 
Notch. 

Flow in 
Gallons 
per Hour. 

inches. 

1 

114 

inches. 

9 

27,790 

2 

G48 

10 

30,174 

3 

1,783 

11 

45,903 

4 

3,001 

12 

50,872 

5 

0,394 

13 

09,471 

6 

10,080 

14 

83,011 

7 

14,829 

16 

99,351 

8 

20,700 




The formula for the flow in cases where the 
angle differs from 90° is not simple, but this 
is a point of secondary importance when the 
meters are empirically calibrated. In practice 
the height of the stream in the notch is shown 
by means of a float connected to a spindle. 
The immersion of the float being proportional 
to the density of the water, compensation for 

1 See “Hydraulics,” § (9), Vol. I. 


change of temperature can be made auto- 
matic. 

(i.) The Lea Recorder . — The Lea Recorder 
has an ingenious arrangement to convert the 
movement of the spindle which varies as H 
into a movement varying as for the pen, 
which accordingly has a deflection proportional 
to the rate of flow over the notch. This is 
effected as follows : The float spindle is pro- 
vided with a rack which gears into a small 
pinion upon the axis of a drum, which drum 
has a screwed thread upon its periphery. The 
contour of the thread is the curve of flow for 
the notch, and just as the flow through a notch 
increases rapidly with its depth, so the pitch 
of the screw increases pro rata . Above the 
spiral drum is a horizontal slider bar, supported 
upon pivoted rollers and carrying an arm, 
which is provided with a pen point in contact 
with a chart upon a clock-driven recording 
drum. As the float rises, the movement of 
the spiral drum is imparted to the pen-arm by 
the saddle-arm, which engages at its lower end 
with the screwed thread. 

(ii.) Integrator . — It will he noted from the 
foregoing that the depth of water in the notch 
can be observed at any time, and that the 
recording pen, which moves in direct propor- 
tion to the flow, produces a diagram whose 
area is a measure of the total flow ; and as each 
square inch of area represents so many pounds 
of water, the addition of the clock turning a 
cylinder having a scroll cut-in toothed wheel 
enables an integrating mechanism to be 
operated on a step-by-step method (Fig. 65). 



Readers acquainted with the arithmometer 
calculating machine 2 will recognise the prin- 
ciple involved. 

The toothed drum rotates at a uniform rate, 
and the small pinion engages for a definite 
angular interval during each rotation depend- 
ent upon its longitudinal displacement. The 
counter is thus actuated for a varying time 
interval which is a function of the height of the 
water above the notch. 

(iii.) The Glenfield and Kennedy Meter . — The 
Glenfield and Kennedy is another well-known 
form of notch meter in which, a cam is employed 
to convert an nth power into a linear f unction of 
the quantity. This cam is a profiled plate. 
The float rotates the cam by means of a cord 
and gears ; a small wheel bears on the cam and 
slides up and down vertical guides, carrying 

2 See “ Calculating Machines/' § (4). 
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with it a wire which operates the pen recording 
on a clock-work driven drum. No automatic 
integration device is provided in this meter. 

(iv.) Yorlce Meter . — In yet another form of 
meter, known as the Yorke, the weir is so 
shaped that the rate of flow is strictly propor- 
tional to the distance measured between the 
bottom edge of the weir and the surface of the 
water. The shape of this notch is such that 
the submerged area above the sill is propor- 
tional to the square root of the head, but as 
the discharge is also proportional to the same 
factor, it follows that the height of water in 
the meter, above the weir sill, is directly pro- 
portional to the rate of flow. 

(v.) Disadvantages of the Notch Type Meter . 
— It will be obvious that notch type meters 
cannot be operated under pressure unless 
totally enclosed, consequently when employed 
for measuring the feed-water supply to boilers 
they are sometimes inserted on the inlet side 
of the feed-pumps. If the pumps leak appre- 
ciably it introduces a source of error in the 
readings unless allowed for. It is therefore 
more usual to measure the condensate with 
this type of meter, which procedure has the 
advantage that the indication varies more 
closely with the changes of the load on the 
power plant. 

§ (32) Automatic Volume Measuring 
Meters. — Besides the piston meters described 
in § (27) there are others of the displacement 
type in which the water is metered by charging 
and discharging a tank of known volume auto- 
matically. In the Tippler meter there are a 
pair of tanks each fitted with a float and 
valve. The water is directed into either tank 
by a light shoot mounted on knife edges. 

The mode of working of the meter may be 
briefly described as follows : The shoot directs 
the water to be measured into one tank, and 
when the level has risen to a certain height the 
float comes into operation and rises. This 
throws over a weight, tips the shoot so that 
the water is now discharged into the other 
tank, opens the outlet valve and drains the 
full tank. The same set of operations is 
repeated by similar mechanism in the other 
tank. 

In the working of these meters care has to 
be taken to keep the valves in good order, and 
for accurate work it is advisable to fit a gauge 
glass and scale to check the volume at the 
instant of tipping. 

Automatic Weighing Meters . — Meters in which 
the water is weighed are also in use. The 
general scheme of one form is to mount the 
tank on trunnions so that the tank overbalances 
when it contains a certain weight of water. 
The overturning is utilised to bring another 
tank into action while the former is emptying. 

In the Avery automatic liquid weigher the 
principle of an equal arm beam is adopted, 


with the weight suspended at one end, and the 
weight hopper at the other. A quantity of 
liquid determined by the weights in the weigh- 
box is allowed to enter the hopper, and when 
the correct amount has accumulated the supply 
is automatically cut off. The cutting off is 
done gradually, so as to bring the weight of 
liquid to the exact amount necessary for 
balance. Account is taken of the liquid in 
the air between the valve and the hopper. 
Immediately after receiving its load the weigh 
hopper overturns and discharges its contents. 
The empty hopper then returns to the weighing 
position again and the same cycle of operations 
takes place. No external power is required to 
work the scale, and a mechanical counter is 
fitted which automatically counts every weigh- 
ing made. The weigh hopper is so designed 
that it completely discharges itself without 
shock, and a draining compartment prevents 
any residue remaining. The size of the outlet 
can be varied to allow thick or thin liquids to 
completely drain before the hopper tips back. 
The machine can be tested at any time without 
difficulty, as in the case of any ordinary 
weighing machine. 

Neither the automatic volume measuring 
nor the automatic weighing machines are 
adapted for use in circuits under pressure, 
but are, of course, of considerable service in 
experimental work, and automatic weighing 
machines are available for capacities of 20 lbs. 
to 2& tons per discharge. ;e. a. g. 


Metric System of Units, Advantages of. 
See “Metrology,” V. § (14). 

Metric Threads (Special.) : table of sizes. 
See “ Gauges,” § (59). 

Metrological Work, Accuracy in : 

measured and manufactured. See 

“ Metrology,” IX. § (33). 

Present degree attainable. See ibid. I. 

§ ( 1 ). 

METROLOGY 
I. Introductory 

§ (1) Scope of Subject. — The science of 
metrology deals primarily with the accurate 
measurement of the three primitive funda- 
mental quantities, mass, length, and time. 
Secondarily, it is concerned with the simple 
direct derivatives of these quantities, such 
as area, volume, density, velocity, etc. In 
addition, certain subsidiary measurements have 
frequently to be made in connection with 
metrological work ; in particular, those of 
temperature, barometric pressure, thermal 
expansion, etc. These latter subjects are 
treated of under their respective headings 
elsewhere. 
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Very little thought is necessary to show that 
measurement of one or more of these simple 
fundamental quantities forms the real basis 
of every accurate physical determination, 
no matter how complicated, and the final 
accuracy of any physical result, therefore, 
depends in the last resort on the accuracy 
attainable in the maintenance and reproduc- 
tion of standards for these quantities, and in 
the carrying out of comparisons with such 
standards. The work of the metrological 
laboratory is therefore of the first importance 
to the whole world, both of science and in- 
dustry, and its operations, though essentially 
simple in theory, often become extremely 
elaborate and laborious in practice, on account 
of the extreme care which has to be exercised 
in order to avoid as far as practicable every 
source of even the minutest error. For the 
same reason the apparatus which has to be 
employed, in order to achieve apparently 
simple results, is frequently very complicated 
and costly. It is necessary at all times for the 
Standards Laboratory to keep well ahead of 
the accuracy demanded for external purposes, 
since a number of steps usually intervene 
between the determination of the standard 
and the corresponding derived physical or 
industrial measurement. And nowadays the 
demands, even of the industrial world, are 
calculated in many ways to tax the resources 
of the metrologist to the utmost. A good 
example of this will be found in the discussion 
on the use of check and reference gauges given 
below, § (19). 

It may be of interest here to state approxi- 
mately the degree of aeeuracy at present 
attainable with all precautions in a few 
typical operations : 

Comparison of two kilogramme masses — less than 
I part in I0 B . 

Comparison of two yard or metre line standards — 
about 1 part in 1G 7 . 

Building up from 1 metre standard, through 4 metre 
bar to 24 metre surveying tape — about 1 part 
in 10°. 

Comparison of yard or metre line standard with 
corresponding end standard — about 1 part in 10°. 
Calibration of set of end gauges (not less than 1 inch 
in length)— -about 1 part in 10°. 

Determinations of volume and density — about 1 part 
in 10\ 

Determinations of volume and density with extreme 
precautions, for very special work only (see 
reference to the Bureau International deter- 
mination of density of water, § (9)) — 1 part in 
10 *. 

§ (2) Fundamental Standards, (i.) Stand- 
ards of Length arid Mass.— The standards of 
length and of mass are material representations 
of the fundamental units, and serve, under 
certain specif! ed conditions of employment, 
as the legal and scientific bases to which 
ultimately all measurements must be referred. 


The standards may be further subdivided into 
a number of grades. 

(a) Primary Standards. — For precision of 
definition, it is essential that there shall be one, 
and only one, material standard to represent 
each of the fundamental units. This is called 
the primary standard, and is preserved under 
the strictest conditions of custody, used only at 
very rare intervals, and then solely for purposes 
of comparison with the corresponding second- 
ary standards. 

(■ b ) Secondary Standards . — These are made as 
nearly similar as possible in all respects to the 
corresponding primary standards, with which 
they are compared at intervals with the 
greatest possible care, and records of their 
deviations from the primary standards are 
preserved. The secondary standards are dis- 
tributed to a number of places for safe custody, 
and serve a double function. 

In the event of loss or damage to the primary 
standard necessitating its replacement at any 
time, a new standard would be prepared, and 
the various secondary standards recalled, and 
very carefully compared with it, and so, by 
means of their known errors, the deviation of 
the new primary standard from its predecessor 
would be determined, and continuity preserved. 

It may be objected to this procedure that continued 
progress in metrological science may render such 
a process of reproduction inferior in accuracy to the 
possibilities of the time at which it may be required, 
and several proposals have been made in the past 
for definitions in terms of so-called “ natural ” 
standards, which might be supposed absolutely 
invariable in themselves, and which could be re- 
determined with ever-increasing precision as methods 
improved. Some such natural standards have 
actually had a short-lived legal existence. But in 
practice material representations of the standards 
are invariably needed in industrial, and almost 
invariably in scientific, applications ; and so far it 
has been found easier to reproduce these material 
representations faithfully from material originals, 
rather than from any “ natural ” standard that 
has been proposed. 

And it may be remarked that, since the 
present primary standards are material, the 
introduction of new standards in their place, 
whether natural or material, would involve the 
preliminary determination of the values of the 
existing standards in terms of the proposed new 
standards, the accuracy of which determina- 
tion is in any case limited by the precision 
with which the existing standards are suscept- 
ible of measurement. 

The secondary standards are also employed, 
in their turn, for occasional comparisons with 
the third grade, or tertiary standards. 

(c) Tertiary Standards , — These actually con- 
stitute the first reference standards in the 
ordinary work of the metrological laboratory. 
The primary and secondary standards are used 
solely as ultixnate controls, and since it is not 
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permissible to use even the secondary stand- 
ards very frequently, the tertiary standards 
must also be kept entirely for reference pur- 
poses, i.e* for comparison at intervals with the 
working standards* 

( d ) Working Standards . — These are the stand- 
ards of everyday use in the metrological 
laboratory. Their form, as well as that of the 
secondary and tertiary standards, should be as 
nearly identical as possible with that of the 
primary standards, though on account of eost 
the material of which the lower grades are 
made is usually different. In practice also it 
is frequently useful to have a different material 
for some of the working standards, for quite 
other reasons. 

For instance, in the metric system the stand- 
ards both of length and* mass are made of a 
platinum-iridium alloy, which is very dense 
and has a comparatively low coefficient . of 
thermal expansion. Now, if a large number 
of length bars have to be compared with a 
working standard under conditions which make 
it possible to bring them easily to the same, 
but not so easily to an accurately known , 
temperature, it is a great advantage if the 
working standard employed is one having the 
same thermal coefficient as the bars to be 
compared with it, so that slight errors in the 
assumed value of the temperature at which the 
comparison is made shall not affect the final 
result required, which is the difference between 
the bar and the standard when both are 
brought to standard temperature. Similarly, 
in comparisons of mass, if the density of the 
air is uncertain, it is of great advantage to 
reduce the magnitude of the air-buoyancy 
correction in the weighings, by using a standard 
of similar density to the weights being com- 
pared with it. Since the majority of industrial 
length bars, or scales, are of steel, and the 
majority of weights of brass, working standards 
of platinum-iridium would not well meet 
either of these cases. 

In addition to direct comparison with objects 
more or less similar to themselves, such as 
those spoken of above, the working standards 
— particularly those of length — serve also as 
the foundation for other measurements which 
may differ very widely indeed in type, and 
which have usually to be derived by one or 
more steps, making use of further inter- 
mediate standards. 

It will thus be seen that the first information 
received by the general public, either scientific or 
industrial, must be at least four steps removed from 
the primary standards, and frequently more, so that 
the necessity for extreme precision in every operation 
involved is immediately obvious. 

(ii.) Standards of Time . 1 — The standard of 
time is in an entirely different category from 

1 See also “ Clocks and Time-keeping.” 


those of length and mass. The ideas presented 
to our minds by the words 4 4 length ” and 
“ mass 55 are essentially attributes of matter. 
This is manifestly true of mass, and if it 
happens that we are able to form a conception 
of dimensional space apart from matter, it will 
be found that in reality this conception depends 
ultimately on the idea of some kind of imagin- 
ary rigid framework, which takes the place 
of a material framework in the process of 
thought. The ideas of mass and length, also, 
are entirely independent of each other, and of 
any other attributes of the bodies to which 
they apply. This is not true of time. The 
most elementary idea of time — before and 
after — itself implies an cc event,” that is, some 
change in the state of the universe* Without 
such change time would have no meaning* 
And little thought is needed to show that every 
change which can conceivably take place 
implies some kind of motion, either on a small 
scale or a large* The idea of time, therefore, 
is indissolubly connected with that of motion, 
while motion, being itself simply change of 
distance, cannot be conceived apart from the 
idea of length. The idea of time, then, though 
essentially different in quality from those of 
mass and length, can only be thought of in 
intimate association with the latter, and its 
measurement can only be effected by reference 
to some uniform motion . In fact, a little 
reflection shows that the very definition of 
time — in a quantitative sense — is to be found 
in Newton’s First Law of Motion , 2 which serves 
this purpose in just the same way as the 
Second Law serves for the quantitative defini- 
tion of force. 

The first law really contains two independent 
ideas — the maintenance of direction of motion, 
and the maintenance of uniform speed — by a 
body uninfluenced by external forces. With 
the first of these ideas we are concerned only 
to the extent that it serves to simplify con- 
sideration of the second. The second is, in 
part, a statement of the experimental fact that 
if a number of such freely moving bodies 
occupy a certain series of positions at one given 
moment, and at two subsequent moments are 
found to have moved from these positions 
through distances a x , b x , c x . . . a 2 , c s . . * 
respectively, etc., then 



But, in describing the velocities of the bodies 
as ec uniform,” it goes, in effect, a step further 
than this, and states that each of the above 
ratios is also equal to t x jt Z9 where t x and are 
the times elapsed between the first moment of 
observation and the two subsequent ones. 
This assertion really constitutes the funda- 

® Every body continues in a state of rest or of 
uniform motion in a straight line unless compelled 
to change that state by the action of some force. 
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mental definition of time as a measurable 
quantity— that is, it provides a basis which 
enables two different times to be compared. 
It does not, however, serve to define a unit. 
The unit of time is entirely independent of 
those of length and mass and remains still to 
be specified, but the measurement of time can 
only be effected, in the last resort, by means of 
comparisons of length. 

The whole of the foregoing discussion leads to a 
consideration of the question whether it might not 
b© more satisfactory to take velocity (or speed) as 
the third of the three fundamental quantities, rather 
than time — a question whose present interest is 
considerably augmented by the great importance 
assumed by the velocity of light in the recently 
evolved theory of relativity, according to which both 
length and time must be regarded as relative and 
dependent on the motion of the observer, whereas 
the velocity of light in vacuo is an absolute constant, 
independent of such motion. The theory of relativity, 
however, does not affect ordinary considerations 
concerning the applications of the fundamental units 
in everyday life, and it would take us too far from the 
practical bearings of the subject to follow up this line 
of thought here. 

Returning, then, to the practical standards 
of time, we find that the ultimately accepted 
reference is to the results of Newton’s laws of 
motion, as exhibited by planetary motions and 
recorded by astronomical methods. The unit 
of time is defined by the period of rotation of 
the earth upon its axis, ascertained by means 
of sun or star transits. This period is not a 
natural constant (in the sense, for instance, 
that the velocity of light in vacuo is ordinarily 
considered to be), since the rate of rotation of 
the earth is affected by tidal friction, by 
changes in the distribution of its mass due 
to earthquakes and other movements, and by 
its general shrinkage due to cooling. The 
whole effect due to these various causes is, 
however, extremely small, and so far attempts 
to measure its amount by astronomical means 
(by comparison, for instance, with the motions 
of the planets in their orbits) have failed to 
establish it with certainty. The change prob- 
ably does not exceed about 0-01 sec. per diem 
(roughly 1 part in 10 7 ) per century. 

A distinction is drawn between true solar 
time, which is that given by the actual transits 
of the sun, and according to which the length 
of the day (24 hours) varies slightly at different 
periods of the year, and mean solar time , which 
is that registered by a uniformly running clock 
whose hourly rate corresponds to one twenty- 
fourth of the average length of a true solar day, 
taken throughout the year. The ordinary 
time of both common and scientific use is mean 
solar time. 

Astronomers in their calculations use a 
slightly different standard of time, called 
sidereal time, which is that obtained from 
successive daily transits of fixed stars instead 


of from those of the sun, and which, since the 
earth describes a yearly orbit round the sun, 
differs from mean solar time by one day in 
365£. Or, more precisely, one hour of mean 
solar time equals one hour and 9*8565 seconds 
of sidereal time. 

The primary standard of time is thus a 
natural one, and the principal apparatus con- 
cerned in the maintenance of the time standard 
is the transit instrument of the astronomical 
observatory. The place of the secondary 
standard is taken by the principal standard 
clock, which essentially is a mechanism de- 
signed to indicate with as great precision as 
possible the lapse of successive equal intervals 
of time, during the periods between successive 
transit observations. The principal standard 
clock is also housed at the astronomical 
observatory, near the transit instrument, and 
its rate is periodically checked by means of 
observations taken with the latter. 

The time standard of the metrological 
laboratory is a subsidiary standard clock, 
whose rate is checked in its turn against signals 
sent out from the principal standard clock, 
either by means of the ordinary telegraph 
system, or preferably by wireless. Some form 
of recording chronograph is usually employed 
to compare the beat of the standard clock with 
the signals received from the observatory. An 
alternative method of comparing two standard 
clocks is by means of portable chronometers. 

Before leaving this subject it may perhaps bo 
remarked that while the accepted standard of time 
is based on a natural phenomenon, a material standard 
is not inconceivable. The water-clock, hour-glass, 
and pendulum clock all partake partly, but not 
completely, of this character, being each dependent 
on the value of gravity. Better examples are to bo 
found in the chronometer, or in the tuning-fork. The 
former of these, being affected by wear, by conditions 
of oiling, and so on, could not be very satisfactory 
for use as a reference standard. But supposing 
suitable conditions of preservation and of use, and 
a sufficiently stable material of construction, there 
is no theoretical reason why the tuning-fork should 
not so function. 

All such material standards of time, how- 
ever, whether clock, chronometer, or tuning- 
fork, record it by a series of stops, and not 
continuously. In order to subdivide the 
steps, recourse must be had to a continuously 
moving body, e.r/. a chronograph drum, on 
which the successive steps can be recorded, and 
we are thus brought back once again for the 
final measurement of time to comparisons of 
length. 

§ (3) Apparatus involved. — I n addition to 
the actual standards of mass, length, and time, 
the metroiogist is concerned with four more or 
less distinct classes of general apparatus. 

(i.) Apparatus used in Comparisons of Stand- 
ards, — This includes comparators, dilato- 
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meters, certain types of end - measuring 
machine, balances, chronographs, etc. Full 
descriptions of these, and of their methods of 
use, will be found elsewhere. 

(ii.) Subsidiary apparatus, such as baro- 
meters, thermometers, etc., used to determine 
the precise conditions under which comparisons 
are made. Standard apparatus of such types 
is needed by the metrologist, but since they 
are not peculiar to his craft, the reader is 
referred to the special articles on barometry, 
thermometry, etc,, for descriptions. 

(iii.) Many articles of everyday use, both 
scientific and industrial, for the determination 
of simple physical quantities, need either 
verification between certain specified limits of 
error, or for some purposes the actual deter- 
mination of their errors, before they can be 
regarded as fit for service. As types of such 
articles may be mentioned : 

Engineers’ scales and gauges. 

Surveying tapes. 

Areameters. 

Barometers, mercurial and aneroid. 

Chemical weights. 

Hydrometers. 

Volumetric glassware. 

Speedometers. 

Taximeters. 

Tests of all these various classes of apparatus 
are carried out in the Metrology Department of 
the National Physical Laboratory, while the 
Standards Department of the Board of Trade, 
which has the custody of the British Imperial 
Standards, is also responsible for supervising 
the inspection of commercial weights and 
measures, including the periodical verification 
of the Inspector’s Local Standards. 

. (iv.) Verifications such as these latter involve 
the maintenance, in addition to the simple 
direct standards of mass, length, and time, of 
many derived standards of diverse types, and 
frequently of considerable complexity, together 
with special apparatus both for controlling 
these standards and for comparing them with 
apparatus submitted for test. Descriptions of 
both apparatus and methods employed will be 
found below, under various headings. 

II. General Considerations 

§ (4) Material Standards. — In the pre- 
paration of material standards, three essential 
desiderata have to he borne in mind : 

Permanence , involving (a) the stability of 
the material of which the standard is con- 
structed ; (6) the suitability of the material 
for the mechanical or other operations involved 
in giving the standard the desired form and 
finish, including the permanence of the de- 
fining features ; (c) the ability to withstand 

as far as possible the effects of use— this may 


be a matter partly of the material uned* and 
partly of design. 

Invariability^ implying the attainment of 
as high a degree of independence as may 
be practicable, of the results obtained from 
the use of the standard* upon slight inevitable 
variations or tmeeriaintieH in the exact eon* 
ditions of employment. This again involve** 
both the material and the design. 

Facility in Uw. -This is mainly a question 

of design, but may be alter ted also by the 
nature of the definition, and of the material 
used. 

(i.) Permanence. With regard to (a) ii may 
be said, speaking generally, that a pure honm* 
geneous material may ordinarily ho exported 
to have a higher degree of neeular stability than 
an alloy, in which molecular rearrangetmmtH 
may take place with greater or less rapidity. It 
happens, however, that the majority of pure 
metals arc less suited in their moehamcul prn- 
pertios — e.g* hardness, rigidity, nuHceptihilify to 
fine polishing, etc. than are many alloys, and 
as a matter of fact the primary standard* of 
length, on both the Rnglish and Metric nyatefiin* 
arc constructed in alloy, an in also tin* standard 
kilogramme. The imperial standard pound m 
of pure platinum* the standard yard of brmr/<% 
and the metric? standards of platinum iridium. 

Up to comparatively recent times the only 
available criterion of suflieient accuracy by 
which the permanence of length Httuidurd* 
could be ascertained was by establishing the 
relative eonstaney of a number of bars of 
different material*. If the differences in 
lengths between a number off such bam 
remain unaltered between a series of conn 
pari, sons spread over a considerable period of 
tune, there is Ntn > ng | > rewu mj *ti vt * * * v idei i et % 
though not absolute proof, that all the bar* 
involved have remained constant during that 
period. 

tn 1802 3, however, Prof. A. A. MudielHori, 
working at the Bureau International d< *h Rubin 
ot Mosuros, Sevres* Huee<*ed«nl in determining 
the value of the metre in t-niiK of the wave* 
lengths of certain rays in the cadmium 
spectrum, to an accuracy approaching that 
with which the relative lengths of two similar 
ham can bo determined hy direct comparison 
under microscopes, thus affording for the first 
time a satisfactory approach to a “ natural M 
standard of length. Repetition of this ex peri* 
mont at long intervals of time should afford a 
real criterion by which the absolute pension 
enco of the material standard can he estimated, 

Of pure metals, nickel is perhaps the 
most suitable for a Iengt.h standard of the 
ordinary type, being bard, rigid, capable of 
taking a high polish and line graduation lines, 
,n oxidiHabIe. A nickel standard metre 
which has been in service at the National 
1 hysical Laboratory for nearly twenty yearn 
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has been found, on successive comparisons 
with the standard metre at Sevres, to have 
varied only by ± 0*1 micron — one part in 
ten million of th© total length — an amount 
which is no greater than the experimental 
error of the determinafcion. 

Under heading ( b ) come considerations of 
such properties as those mentioned in the last 
paragraph as being possessed by pure nickel. 
It would be useless, for instance, to construct 
a standard of either length or mass of any 
material, however suitable in other respects, 
if it were liable to surface tarnishing. Nor 
would any material be suitable for a graduated 
length standard if its nature were such either 
that fine, clean-cut lines could not be produced 
upon it, or that after production the edges of 
the lines gradually deteriorated by crumbling 
or flaking away. In choosing materials of 
construction for standards all such points 
have to be borne in mind. 

Under heading (c) we come for the first 
time to questions of choice between standards 
of different types. In particular there has in 
the past been considerable fluctuation of 
opinion as to the relative merits of “ lino ” 
bars and cc end ” bars, as ultimate standards 
of length, each type in turn having received 
recognition at various times. Both the 
standard metre and the standard yard of the 
present day are line bars, the reasons princi- 
pally underlying the choice being, firstly, that 
since the defining marks on such a bar are 
merely observed through microscopes and not 
actually touched, during any comparison, 
there is no risk of any alteration due to this 
cause ; secondly, that, in the state of develop- 
ment which had been attained at the time 
when these standards were prepared, it was 
practically impossible to produce end bars of 
such perfection of finish as would be required 
to enable them to be compared with each 
other to the same degree of accuracy as is 
possible in comparing line bars with each 
other under microscopes in a good comparator, 
nor were suitable end-bar comparators avail- 
able for work of this accuracy ; and thirdly, 
that to secure the necessary hardness of the 
contact surfaces on end bars necessitates either 
that they should be made of steel with hardened 
ends, in which case there is the risk of secular 
change in length, and also of rusting, or else 
plugs of some hard material- — e.g. agate- 
must be inserted in the ends of the bar, which 
leads to mechanical difficulties in construction, 
with some uncertainty as to the permanence 
of the joints secured. 

In view of recent developments in mechanical 
methods, it may be doubted whether these various 
objections still hold with the full force which they 
had when the original choice was made. Certainly, 
end bars can now bo finished with all the accuracy 
required, and mechanical means of comparing them 


are available which are at least as accurate as, if 
not more accurate than, the microscope comparator 
method of comparing line standards. So much so 
that, in the writer’s opinion, it is certainly easier 
to obtain precise determinations of fractional sub- 
divisions of the original standard by the inter- 
comparison of a series of end bars than by the 
microscopical calibration of a graduated line bar. 
But, in any case, since both line and end measures 
are required in everyday use, we could not avoid 
the fundamental operation of translating from line 
to end measure or vice versa, whichever type of 
standard were originally chosen, and this, unfortun- 
ately, is one of the most difficult operations in 
metrology. 

It should perhaps he observed, however, 
that, other things being equal, the end bar 
provides a more definite standard than the 
line bar — -that is to say that, should methods 
of measurement improve, the distance between 
two well-finished surfaces, measured at specified 
contact points, remains still a satisfactory 
reference, whereas the graduation marks on a 
line bar, however fine, are actually furrows of 
such a character that if magnification is 
pressed beyond a certain point irregularities 
in their edges become apparent, and their 
exact location becomes uncertain to this 
extent. The lines on the best existing primary 
standard, the international prototype metre, 
are of a thickness of about (K)02 to 0-003 mm., 
and serve for observations to an accuracy of 
about micron (1 micron = 0-001 mm.). 
But) A. E. H. Tutton 1 has indicated the 
possibility of using a new type of line standard 
to about ten times this accuracy, and if this 
were done, questions of temperature control, 
and also, possibly, of the nature of surface 
contacts, would give rise to such difficulties 
that the theoretical advantage of an end bar 
suggested above might be of little actual 
importance. 

Under this heading it may bo desirable also 
to refer briefly to the question of the care 
which it is necessary to exercise in preserving 
important standards. Ordinary precautions 
are by no means sufficient. The lightest 
dusting of a standard mass, repeated many 
times in the course of years, is sufficient to 
remove minute quantities of material from its 
surface. The standard should, therefore, be 
of hard material, highly polished, and of 
smooth external form, so that no dust can 
lodge in any angle or crevice. A soft dry 
camel-hair brush may be passed lightly over 
its surface before use. No other form of duster 
should be employed. Similarly, any rubbing 
of the surface of a lino standard in cleaning 
must be scrupulously avoided, otherwise there 
is a risk of shifting the apparent positions of 
the lines by slight burnishing of their edges. 
If any preservative medium is used it must 

1 Proc. R.&. A, ccx. 459, Appendix. 
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Tbe entirely inert, and such, as can be com- 
pletely removed by simple washing with some 
volatile liquid which will leave the surface of the 
bar perfectly dry and clean. Pure vaseline oil, 
free from acid, has been found suitable for use 
as a preservative, and may be dissolved when 
required by flooding with pure clean petrol. 

(ii.) Invariability . — Under this head the 
following are typical considerations : 

(u) Thermal Expansibility of Material . — This 
is of the greatest importance in the case of a 
length standard. It is in all cases necessary 
to define the precise temperature at which 
the material standard represents the funda- 
mental unit, though if the coefficient of 
thermal expansion is known, it is not always 
essential to make observations exactly at the 
temperature of definition. Manifestly, how- 
ever, the lower the thermal expansibility, the 
less exactly need the temperature of observa- 


are “ invar,” a nickel steel alloy containing 
36 per cent nickel ; and fused silica. Invar 
is a member of a remarkable series of alloys 
first brought into prominence by Dr. Oh. Ed. 
Guillaume, Director of the Bureau Inter- 
national des Poids et Mesures, whose book 1 
should be consulted on the subject. About 
the percentage composition mentioned, very 
slight variations in the amount of nickel 
present in the alloy have very marked effects 
on the value of its coefficient of expansion, 
The coefficient of an ordinary invar bar is 
usually about p^th that of steel (i.e. about 
0-000001 per 1° 0.). With great care, how- 
ever, it is possible to procure alloys having 
actually zero, or even slightly negative, 
coefficients. Unfortunately, while being of 
the highest value for certain purposes in the 
construction of subsidiary standards, invar, 
from the point of view of a primary standard, 


tion be ascertained, in order to achieve a suffers from two very serious drawbacks. It 
specified accuracy of result. In the case of gains its remarkable properties^ from the fact 
a primary standard, which is used always that it has a metallurgical critical point at a 
under conditions enabling the temperature tempei'ature not far removed from ordinary 
to be completely controlled and accurately room temperatures, and its molecular structure 
ascertained, this consideration is of less is in a state of imperfect equilibrium, and 


importance. But in certain other cases — e.y. 
where a standard has to be employed in air, 
instead of in a thermally controlled hath — it 
becomes of very high importance indeed. 

Two cases arise. Exrstly, if it is possible to 
ensure that two bars being compared are both 
brought to exactly the same temperature, 
though the absolute value of that temperature 
may not be known with high precision, then 


tends to change with, changes of temperature, 
the effects of the molecular changes balancing 
the expansion or contraction which would 
otherwise be associated with those of ^ tem- 
perature. This molecular instability it is not 
surprising to find accompanied by exceptionally 
large secular growth. A newly forged invar 
bar is found to increase in length at the rate 
of about seven parts in a million per annum, 

* _ .... * , i _ T, , „ 4 - 


it is most satisfactory for both bars to be of the rate gradually diminishing with time, hut 
the same material — or at any rate of materials still quite appreciable after the lapse of many 
having closely equal coefficients of expansion, years. The early part of the growth can. be 
— so that, the properties of the standard having accelerated by suitable thermal treatment of 
once been determined with accuracy, only the bar, but even so the subsequent growth 
small errors will he introduced in the computed i s s tiH very considerable. 2 _ 

value (at standard temperature) of the bar Secondly, there is a thermal “ hysteresis, 
compared with it, due to slight uncertainty as by which is meant that the bar, upon a change 
to the exact temperature at which the com- occurring in its temperature, does not 
parison has been made. For this reason it is immediately take up the final value corre- 
frequently desirable, where a considerable sponding to the new temperature, so that its 
number of comparisons of importance are length at any moment involves its past 
involved, to have a special working standard history, and cannot be computed from its 
of the same coefficient as the pieces to be instantaneous temperature, even if allowance 
standardised. be made for its mean rate of secular growth. 

On the other hand, in certain classes of Invar, therefore, is entirely unsuited for use 
comparisons it would be exceedingly difficult as a fundamental standard. It is, however, 
to ensure that both the pieces being compared largely employed for certain purposes — par- 
were brought to the same temperature, and ticularly in the construction of the tapes or 
when this is so it becomes necessary to deter- wires used in geodetic surveys — where the 
mine with precision the absolute temperature conditions of use are such that temperatures 
of each of them. In such a case the (working) cannot he determined with high accuracy, 
standard may very desirably be one having 
a low thermal coefficient, so that errors in 
ascertaining its temperature during the com- 
parison become of less account. 

Two materials having very low coefficients 
of expansion have been discovered. These 


1 Aciers au nickel, put. by Gautier- Yillars, Pads. 
See also the article “ Invar and Blinvar, Vql. Y. 

2 It should be noted that Dr. Guillaume's latest 
researches (Pros. Phys. Soc. xxxli. 374) indicate the 
possibility of realising a form of “ invar which » 
practically stable. See also ‘ * J nvar and Blinvar, 
Vol. V. 
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and a low coefficient of expansion is therefore 
of first importance. 

Fused silica has a coefficient of expansion 
even less than that of ordinary invar, being 
just under half a part in 1,000,000 per 1° C. 
The suggestion was accordingly made that 
this material might be made use of for the 
construction of a standard of length. It is 
free from the objection of thermal hysteresis, 
and being a pure material might reasonably 
be expected to be secularly stable. This 
point, however, remained to be investigated. 
An experimental “ silica metre ” 1 was there- 
fore made at the N.P.L. and has now 
been kept under observation for nearly ten 
years (excluding the war period 1915-18), 
with the result that no secular change has so 
far been detected. It might be objected that 
the extreme fragility of such a material renders 
it unsuitable for use as a standard. To this 
it may be replied that such extreme care 
should be taken of any standard as to render 
this objection of small account, with the half- 
j ocular, but none the less true, corollary that 
a slight accident to a metal standard might 
affect its length without leaving any visible 
cause for suspicion, whereas if the silica 
standard were actually broken there could be 
no doubt in the matter. A standard of fused 
silica is of course very much cheaper than one 
of platinum -iridium, and apart from any other 
purpose which it may be found to serve, the 
unique nature of the material, and the special 
peculiarities in design thereby involved, cer- 
tainly render it a most interesting addition to 
other existing types of standard. 

The choice of material for the construction 
of a standard of length is thus guided by 
a variety of circumstances. In the case of 
a primary standard, peiunanence is a first 
essential, and cannot be suboi'dinated to any 
other consideration. But the material for a 
sub-standard may vary greatly according to 
the exact requirements of the jjarticular case. 

( b ) The invariability of a standard may also 
be affected by its design and method of use. 
Perhaps the best example of this is to be 
found in the gradual evolution of the form 
of cross-section adopted in the modern type 
of line standard, where the elastic neutral 
axis of the bar is exposed and polished, and 
the graduations marked thereon, so as to 
avoid any stretching and compression of the 
plane of graduation due to the flexure of the 
bar under its own weight ; and in the choice 
of two points of support for such a bar, at 
such a distance apart that when the bar rests 
upon them the distance between its principal 
graduations has its maximum value, whence 
any slight error in the setting of the supports 
has no influence on the measured length 
between the graduations. 

1 See ct Standards of Length,” § (6) (ii.). 


(c) In the case of standards of mass, which 
usually have to be weighed in water, as well 
as in air, or in vacuo , in order to determine 
their densities, it is essential that they should 
be so constructed that there is no risk of 
water entering, and so varying their weight. 
Weights with screwed-in tops are consequently 
quite unsuitable for important work. A 
standard mass must be formed in one solid 
piece, without joints of any kind. For the 
same reason the material must not be porous. 
Further, it must be non-hygroscopic, so that 
its surface is unaffected by variations in 
atmospheric humidity. 

(iii.) Facility in Use . — This is concerned 
largely with considerations arising out of the 
nature of the methods adopted for making 
observations of the standards, and since these 
may vary considerably from time to time with 
the introduction of new ideas, generalisations 
are hardly possible, with the exception of such 
obvious ones as that a standard must not be 
too heavy or too bulky for convenient mani- 
pulation. 

There is, however, another class of con- 
sideration which perhaps comes under this 
heading, and this is, that certain properties 
of the standard, or certain features in its 
definition, may have a bearing on the accuracy 
with which it is possible to carry out the 
actual operations involved in its employment. 
For example, the greater the density of a 
standard mass, the smaller is its volume, and 
the smaller, therefore, the buoyancy correction 
which needs to be applied to weighings made 
in air in order to arrive at the true value 
of the mass ec in vacuo ” 1 of the standard. 
Since it is by no means easy to determine the 
actual density of the atmosphere at the time 
of weighing with the precision necessary to 
give this correction to an accuracy comparable 
with that of the weighing itself, it is a desidera- 
tum to keep the total amount of the correction 
as small as possible, so that any small error 
in it shall have a minimum effect on the final 
result. 

Another question of a similar kind, which has 
been the subject of much discussion, is that of 
the best temperature of definition for standards 
of length. This point is fully discussed below. 
Fart III. § (5), (i. a), (ii.), and (iii.). 

§ (5) Conditions of Observation, (i.) 
Distribution of Observations in Time . — Suppose 
a number of observations are being made under 
conditions which are slowly changing. It is 
then necessary to pay careful attention to the 
order in which the various observations are 
made, and to the time intervals between them. 
In a great many cases the conditions will be 

1 This expression, commonly used, involves a 
redundancy of terminology. The mass of any object 
is unvaried, whether weighed in air or in vacuo . 
Its weight in vacuo is the property actually determined, 
and is employed to ascertain the measure of its mass, 
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such that the whole of the observations of one 
set can be completed in a sufficiently short 
time to justify the assumption that the rate of 
change has been constant during that period. 
If this be so, and if the rate of change is so 
slow that there is no danger of one phenomenon 
“ lagging ” behind another to an extent which 
will affect the relation which it is desired to 
establish between them to the order of accuracy 
contemplated, then it is sufficient to arrange 
that the ct centres of gravity ” in point of time 
of each group of observations in any one set 
are coincident, and then to calculate from the 
arithmetical means. As an example, consider 
the case of two standard bars being compared 
under microscopes in the water bath of a 
comparator. Suppose the temperature of the 
water to be gradually rising. If the above- 
mentioned conditions hold, and if t l9 £ 2 , etc., 
represent readings of the thermometer in the 
water bath (and therefore, if there be no 
cc lag,” that of the bars), and if A x , A 2 . . . 
B x , B 2 , etc., represent readings of lengths of 
the two bars, readings may be taken in the 
following order : 

A x , B i? A 2 , 

and then, if the intervals between the successive 
observations were equal, w© should have the 
result : 

A* 4 A 2 ^ 

= difference in length between A and B at 
temperature (t x 4£ 2 )/2. 

(ii.) Balancing Weight of Observations . — Such 
a set of observations as the above is not 
entirely satisfactory, since twice as many 
readings have been taken on A as on B. To 
get over this ib is usual to proceed further, first 
stirring the water in the bath again to equalise 
temperatures throughout as far as possible, 
and then reading 

#3, B 2 , A 3 , B 3 , £4, 
giving A 3 - 

= difference in length between A and B at 
temperature (i 3 + « 4 )/ 2; and so, taking the 
whole of the observations together, 

t {(^i±^ a+ A 3 )_ (b i+ b 2 _+b_ 3 )| 

=: difference of length between A and B at 
(t x 4- 1 2 4 £3 4* tf)/4=. 

This is now satisfactory to the extent that 
each bar has been observed an equal number of 
times, and neither bar, therefore, has more 
influence on the result than the other. But it 
is still unsatisfactory in that the <c weight ” 
attached to observations A 3 and B x in calculat- 
ing the final result is double that given to the 
remaining observations A x , A a , B 2 , and B 3 , so 


that any error in A ;J or B x leads to twice as 
great an error in the result as it would have 
produced had it occurred in A x , A 2 , B 2 , or B 3 . 
Since the errors to which all the A's and all the 
B’s are respectively liable are naturally equal 
in amount, this is manifestly unfair. 

To overcome this objection the middle ob- 
servation of each series ought to be repeated, 
first of course making all the customary adjust- 
ments over again so that tlie repeat observa- 
tion is genuinely independent. We should 
then get the complete series 

h* A,,, t* | Bo, A 3 , A ' 3 , B 3 , 

leading to the difference 

A t 4 Ao 4 A a + A '3 B x 4 B\ + B # 4 B a 

4 " 4 

at temperature (£ x 4 £ 2 4 4 £ (1 )/4, in which at 

last each bar, and each observation also, re- 
ceives equal weight. 

It would be permissible, if desired, to make 
an additional temperature observation between 
readings B x , 1Y X and A a , A' ;J , but it should b© 
noted that such additional temperatures are 
not strictly needed, and should, in fact, agree 
with the means of t x and U and of £ :) and t A9 
respectively, if the assumption of a uniform 
rate of change of temperature during each 
series is justified. If they do not, the cause 
may be either error of observation, failure 
in equalisation of time intervals between 
observations, or actual departure from a 
uniform rate of change in temperature. 

If only the first of these causes be at work, 
then the additional readings may be used to 
improve the accuracy of the final mean tem- 
perature, giving them equal weight with the 
original four. The second cause should not be 
permitted to arise, while if the third is found to 
be present, steps should be taken, either to 
improve the conditions, or to speed up the 
observations, until its effect becomes negligible. 
Should this prove impossible, other methods of 
observation would have to be employed. 

(iii.) Balancing Numbers of Observations : 1 
Method of Least Squares.— The ideas underlying 
the above example must bo kept continually in 
mind in all operations where results of the 
highest accuracy are desired. And they apply 
not merely to an individual comparison, such 
as that described, but also to the combinations 
of many comparisons which are ordinarily 
involved in any one complete investigation. 

It is naturally desirable, where very high 
accuracy is aimed at, to have a large number of 
cc redundant ” comparisons — i.e . comparisons 
in excess of the number actually necessary to 
give sufficient mathematical data to enable 
definite values to be calculated for the various 
unknowns involved. For instance, the differ- 

1 See also <£ Observations, Combinations of.'*' 
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ence between the two bars A and B would not 
be considered satisfactorily established by 
means of a comparison such as that outlined 
above, no matter how many series of observa- 
tions had gone to its making. At least one, 
and usually two or more other bars would be 
brought in, and each compared with each. 
If there were four bars we should have the 
equations 

A— B = B — C = a 4 , 

•A 0 — — ’ -B I) CLfo , 

A — D = a a , 0 — D = ct>Q , 

or six equations in all, from which to calculate 
the “ best ” values for the three unknown 
differences A — B, A — C, and A — D. These 
best values are then computed by the * c method 
of least squares,” and comparison of the final 
calculated values againsothe o ’ s of the observa- 
tional equations gives a series of cc residuals 35 
the magnitude of which serves to indicate the 
degree of accuracy which has probably been 
attained in any one of the original comparisons ; 
while the greater the number of redundant 
comparisons involved, the higher is the prob- 
able accuracy of the final computed results for 
the same average accuracy of any individual 
comparison. 

It will be noted that in the above example 
each bar enters into the observational equations 
the same number of times, and has, therefore, 
an equal influence with all the others on the 
final results. It is always desirable, if possible, 
to arrange the various observations of any 
complete set in such a way as to achieve this 
condition. 

It is important in considering any particular 
case of the kind to be clear what observations 
constitute independent comparisons. As a 
very simple example, suppose that we have a 
set of standard end gauges from to 6" by 
inches, of which the value of the 6" gauge is 
known, and it is desired to ascertain the 
lengths of each of the other gauges. This may 
be effected by comparisons of groups of the 
gauges, arranged to make up the same total 
lengths, in a suitable measuring machine. If 
we limit the comparisons to those which are 
possible by the addition of not more than two 
gauges to make up any on© group, the following 
table exhibits all the combinations available, 
where each group in any one column can be 
compared directly with every other group in 
the same column. The results of the com- 
parisons would be recorded in the form of 
small observed differences between the various 
groups of nominally equal sum. 


3 

4 

6 

6 

1 +6 

2 + 6 

3 +0 

1+2 

1+3 

1 +4 

1 +5 

. , 

. . 

. . 

• # 

. . 

2 + 3 

2 +4 

2+5 

. . 

. , 

•* 




3 +4 

3 + 5 

4+5 


Consideration of the table shows at once that 
there are in all 1 + 1+ 3+ 3 + 3 + 1 + 1=13 
observational equations for the determination 
of the five unknowns, and that into these 
equations the Y\ 2" > 3", 4", and 5" bars each 
enter 8 times, and the 6" bar 6 times. It is 
unfortunate that there should be less observa- 
tions involving the 6" bar than the others, 
since the 6 /r is the known reference from which 
the determination of the remainder is to be 
effected, and the final accuracy of all the 
results, therefore, depends on the weight 
attaching to the link with the 6" bar given by 
the whole procedure. This, however, does not 
affect the fact that, since each of the other bars 
enters into the operations the same number of 
times, the probable observational error attach- 
ing to the final result of each bar will be the 
same, provided the comparisons are properly 
made. 

Here arises the point which we now wish to 
discuss. Take, for instance, the comparisons 
concerned with the nominal length of 5 The 
natural procedure, having set the measuring 
machine for dealing with comparisons of this 
length, would be to take first the 5" bar, then 
the l" and 4 // , and finally the 2" and 3", bars 
together, insert each group in turn between the 
jaws of the machine, and take the correspond- 
ing readings, a 9 b , and c. Then we should have 

5 *^ 1 " + 4 *) ==«-&, ■ 

(l"-h4 // ) — (2* + 3*).= 6 — c f 

(2 " + 

But these three equations are not independent. 
By the very process by which they have been 
obtained, their right-hand sides add up pre- 
cisely to 0 (as of course, theoretically, they 
should). Had they been truly independent 
observational equations, however, there would 
have been some small observational error by 
which this sum would have differed from the 
theoretical zero. And it would not be correct 
to use them in the above form and still to say 
that each bar entered equally 8 times into the 
final com putation. 

A little consideration shows that the process 
by which the various differences have been 
derived involves two actual observations for 
the comparison of two groups of gauges 
—leading to one observational equation — 
whereas in the comparisons of three groups by 
the above method only three observations have 
been made use of to obtain three observational 
equations. Each equation of the latter kind is 
therefore entitled to receive only half the 
weight given to those of the first kind, in 
making the final calculation. If this be done, 
i.e. if half weight bo assigned to each observa- 
tional equation derivable from the three middle 
columns of the table, it will be seen that the 
various gauges then enter into the computation 
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as follows ; \\ 2 ", 4", and 5", five times each ; 

3% six times ; 6", four times. The 3" is thijs 
determined with slightly greater precision than 
the others. The difference in this simple 
example is not great, but the more correct 
procedure would be to re-set the measuring 
machine after the comparison of the 5" with 
the 1" 44" bars, and then to make a com- 
pletely independent comparison of the V 4- 4" 
with the 2" 4 3", and similarly for the 2* 4-3" 
with the 5". Only so would the original 
conclusion as to the equality of accuracy 
in the final results for all the five bars he 
justified. 

Special case3 may, of course, arise where it is 
inconvenient, or impossible, so to arrange the observa- 
tions that each of the quantities which it is desired 
to determine enters equally into the calculations. 
The method of least squares provides the means for 
dealing with such cases as readily as with others, 
but naturally the results are not of such general 
utility when so derived. 

Other cases also occur, in which the nature of the 
articles being compared, or the conditions under 
which the comparisons have to be carried out, 
prevent the attainment of as high accuracy in some 
parts of the operation as in others. Tor instance, 
one of a number of standard bars being inter- 
compared may have graduations of poorer quality 
than the rest, in which case all observations involving 
this particular bar will be less accurate than those 
in which it is not concerned. Or if several end- bars 
had to be determined in terms of a line standard, 
it would be natural to compare each independently 
with the line standard, and then to compare each, 
with each in a measuring machine. These two 
operations are essentially dissimilar, and in such 
cases it becomes an exceedingly difficult matter to 
judge the c< weight ” which should be associated 
with each class of observations. It is naturally 
desirable, also, as in every other experimental in- 
vestigation, to repeat all determinations, if possible, 
by independent methods, and a similar difficulty 
arises in weighting the results obtained by various 
methods. 

"Where a sufficiently large number of observations 
of each class are involved the method of least 
squares gives a theoretical means of assigning weights, 
based on the degree of variability found amongst 
the observations of any one set, but it does not seem 
to be generally realised what a very large number 
of observations are required before this theoretical 
criterion becomes really serviceable, and in practice 
it will very often be found that sufficient observations 
are not available. In such cases much has to be 
left to the judgment of the skilled observer, who may 
either attempt to equalise the weights of the various 
groups of observations by increasing the number 
of readings in the more uncertain cases, or by 
“ weighting ” his observational equations in accord- 
ance with his estimate of their value, before making 
the final computation. Naturally such a process 
is never felt to be completely satisfactory. But, if 
the observations are all reasonably good, it will 
generally be found that considerable variation can 
be made in the discretionary assignment of weights 
without very seriously affecting the final results. 


(iv.) Absolute , Relative , and Proportional 
Errors . — It is desirable perhaps to point out 
here the distinction which is sometimes lost 
sight of by writers on fine measurement, 
between absolute and relative accuracy. 
Particular attention should be paid to this 
point, as it is frequently possible, and for a 
great many purposes is often sufficient, to 
be able to determine differences between two 
similar objects to a high degree of accuracy, 
under conditions which make it exceedingly 
difficult to ascertain the absolute value of 
either with precision. Accuracy of comparison 
is therefore frequently liable to be confused 
with accuracy of absolute measurement , which 
is a more fundamental conception. In the 
ease we have just been considering, where a 
group of six bars are intercompared with a 
view to determining the lengths of the shorter 
ones in terms of the longest, which is supposed 
to be known, suppose we set out the results 
thus, 

1 " = | x 6" 4 

2" = | x 6" 4- a 2 , 


5' = $x6" + a 5> 

which is the mathematical form in which they 
will actually appear from the calculation. We 
have shown how to arrange the observations 
so that each bar enters into the calculations 
with equal weight, whence so far as this 
particular investigation is concerned, each 
should be determined with equal accuracy. 
In other words, the probable errors of the a ? 8 in 
the above equation should be the same, in 
absolute magnitude . In proportion to its length, 
however, this means that the value found for 
the 1" gauge will have five times the probable 
error of that found for the 5". It is thus 
important, in any investigation of this kind, 
to see that the method employed is of sufficient 
delicacy to ensure the desired proportional 
accuracy on the smallest of the articles involved. 

On the other hand, any error in the value 
assumed for the 6" bar is automatically repro- 
duced, as may be seen from the equations, in 
the values for all the other bars determined 
from it, but only in proportion to their lengths. 
Thus, if we are aiming at a certain proportional 
accuracy in the final result for the shortest 
bar it is necessary to have at least the same 
proportional accuracy in the preliminary deter- 
mination of the longer bar on which the whole 
proceeding is based. It would be useless, for 
instance, as far a3 absolute measurement even 
on the shortest ( 1") bar is concerned, to have a 
machine for making these comparisons capable 
of indicating millionths of an inch, unless it 
were possible to deduce the 6" bar from the 
line standard to an accuracy somewhat better 
than 1 part in 1,000,000. 
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We have already indicated that with the 
best means hitherto devised this is about the 
limit of accuracy with which the conversion 
from line to end measure can be effected, so 
that an absolute accuracy of one-millionth of 
an inch can only be obtained on sizes not 
exceeding l'\ although a sufficiently delicate 
machine may be able to compare considerably 
larger sizes to this accuracy. It may safely 
be said, in fact, that the actual attainment of 
an absolute accuracy of one-millionth of an 
inch over the 1" length has only recently been 
achieved. 1 

In those cases, however, where the very 
highest accuracy on the smallest sizes is not 
sought, the proportionate reduction of the 
original error of the head-piece of a set, when 
the rest of the Set is evaluated in terms of it, 
is extremely useful, since it is usually not 
difficult in Such cases to determine the value 
of the head-piece to a degree of accuracy 
sufficient to ensure that all uncertainties due 
to this cause are negligible throughout the 
series. 

Precisely analogous remarks apply, for 
instance, to the determination of the values of 
a set of sub-standards of mass, or of chemical 
weights, in terms of the head mass of the set. 

(v.) Symmetrical and Asymmetrical Errors . — 
The theory of least squares proceeds on the 
assumption that all the errors which occur arc 
equally likely to be positive or negative in 
sense. 

Errors of this type are called “ symmetrical * 5 
and are those which most commonly arise. 
But errors predominantly, or entirely, in one 
sense may, and do, occur under certain cir- 
cumstances. Such errors are called asym- 
metrical, and may be due either to the actual 
conditions of the problem, to the apparatus 
used, or to the personal idiosyncrasies of the 
observer. As examples of each of these causes 
we may cite the following : 

(a) Suppose it is desired to measure by 
means of a divided scale the distance between 
two parallel straight lines. Lay the scale on 
the paper, across the lines, and take the 
readings at the two lines. If there are no 
errors of reading, and the scale is correct, 
there is still one possible source of error 
remaining. The scale may not be exactly 
perpendicular to the lines. In that case the 
length measured will exceed the true distance 
between the lines in the ratio, sec 0:1, 
where 6 is the error in setting of the scale. If 
the operation is repeated a large number of 
times, different readings will be obtained, all 
approximating to the true value, but all, so 
far as the error occurs, in excess of it. And 
the mean of all such readings will be in excess 
of the true value by an amount depending on 
the accuracy of the means available for setting 
1 See “ Gauges/’ §§ (82)-(83). 


the scale square to the lines. In this case the 
difficulty is inherent in the problem. Its 
effect can be reduced, but never entirely 
eliminated, by improving the method of 
control. 

(6) When slowly falling temperatures are 
being measured by means of mercury thermo- 
meters there is a well-known tendency for the 
reading to he slightly high, by an uncertain 
and variable amount, due to the sticking of 
the surface of the mercury thread in the 
capillary of the thermometer. The mercury 
moves with a series of small jerks instead 
of continuously, and under the conditions 
ordinarily applying to the use of mercury 
thermometers for recording temperatures in. 
the water bath of a comparator the error in 
reading may in the worst case amount to 
H-OT° C., in circumstances where an accuracy 
of at least 0*01° 0. is required. 

Another case of a familiar operation in 
which an asymmetrical error may arise from 
the nature of apparatus employed is in gaug- 
ing a piece of cylindrical work by means of a 
snap-gauge. The distance between the jaws 
of the gauge may be determined with the 
greatest delicacy, but the smallest pressure 
applied in use (it is hardly possible to avoid 
some pressure— and a clumsy workman may 
use a good deal) exerts a most powerful wedge 
action on the gauge which causes it to spring 
open elastically, and so pass work in excess 
of the nominal size. 

(c) It is well known that individual observers 
have personal peculiarities which affect their 
observations with a certain bias. For instance, 
in judging the setting of a graduation mark 
between the two cross-wires of the micrometer 
eyepiece of a measuring microscope, one 
observer will systematically set more to the 
left, and another more to the right. This is 
true even of skilled observers, and makes 
it necessary to arrange either that one 
observer should take all the readings, so 
that on taking differences his ct personal 
equation ” is eliminated, or else, if more 
than one observer is employed, to arrange a 
systematic interchange of observers, in such 
a way that each takes an equal share in the 
total of each group of observations concerned. 
If there is still any question as to the complete 
elimination of “ personal ” error, the matter 
can only be dealt with by having the work 
repeated by a number of different observers, 
and the results compared. 

Asymmetrical errors naturally are very much more 
troublesome than symmetrical ones, which latter 
can be dealt with completely by taking a sufficient 
number of repeat observations and then taking 
a moan. The larger the number of observations 
taken, the smaller will be the probable error of the 
mean — though only in proportion to the inverse 
square root of the number of observations, so that 
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unless the probable error of the individual observa- 
tion is itself fairly small, the attainment of a really 
small probable error in the final result means taking 
an. enormous number of repeat readings. But there 
is no theoretical limit to the improvement obtainable 
by multiplying observations where symmetric errors 
only are involved. The case of asymmetrical errors 
is quite different. If the distribution of the asym- 
metrical errors follows any kind of law there will be a 
definite mean error to which all the observations 
tend, and the only result of multiplying readings 
is to approach this mean, error more closely. Where 
any cause of asymmetrical error is known, or supposed 
to exist, no precaution should be omitted to eliminate 
it, or to minimise it as far as possible, and care should 
always be taken to determine an upper limit to its 
possible influence, and to see that this is not in 
excess of what can be tolerated in the particular 
investigation concerned. Where the error is instru- 
mental in character it can frequently be got over by 
a re-design, or by the use of some alternative pro 
cedure- Where it is inherent in the problem there 
is nothing for it but to improve the methods of control 
until it has been sufficiently reduced. The mode of 
eliminating personal errors has already been indicated. 

In considering any proposed design of apparatus, 
or any proposed procedure in a metrological opera- 
tion, therefore, the most careful attention should 
be directed to investigating all possible sources of 
asymmetrical error, and providing against them in 
the most suitable manner. In cases where direct 
single readings are required, and means are not 
likely to he taken, symmetrical errors have naturally 
to be treated on the same footing as asymmetrical 
ones, and equal precautions taken with regard to 
errors of either type. But where means of large 
numbers of readings are to be taken symmetrical 
errors of larger magnitude can be allowed. 

When once the accuracy to be attained in any 
particular operation has been laid down, the magni- 
tude of the permissible error due to any cause can 
be* decided* It is naturally desirable to keep each 
source of error as small as practicable within the 
limits of cost and labour which the particular opera- 
tion may justify. And this applies especially to 
asymmetrical errors, which tend to give definite 
and (algebraically) additive errors in the results. 
But if one particular source of error cannot, within 
the limits of the problem, be reduced below a certain 
amount, there is no great advantage in making 
any special effort to reduce any other source to an 
amount less than (say) -^th of this, particularly 
where the errors considered are symmetrical in type, 
since a large number of such sources of smaller errors 
would be needed to affect appreciably the total 
probable error of the result, while so long as errors 
are symmetrical in character the mean is unaffected, 
und a few additional readings will suffice to restore 
the desired accuracy. 

(vi.) Temperature Control . — The elimination 
or reduction of errors due to variation 
arxd uncertainty in temperature conditions, 
naturally plays a very important part in all 
exact metrological operations and becomes, 
in fact, one of the most difficult problems 
involved -when results of the very highest 
accuracy * are desired. We have already 


indicated how by suitably choosing the 
materials of construction of the standards 
to be employed in operations of different types, 
and by suitably arranging the order of the 
observations, error’s due to uncertainty as to 
the absolute temperature conditions, or to a 
gradual uniform change in these conditions, 
may be minimised. But it still remains 
necessary both to control, and generally also 
to measure, temperatures with great precision 
in order to obtain satisfactory results. 

Variations in temperature may usually be 
attributed to four main causes, viz. : to 
differences between the temperature at which 
the apparatus has to be maintained for the 
purpose of the investigation and that of its 
surroundings ; to general variations of external 
conditions due to the weather and to in- 
equalities of distribution due to the heating 
and ventilating arrangements of the building 
in which the experiments are carried out ; to 
the use of small lamps for illumination, or 
other similar accessories, in conjunction with 
the apparatus itself ; or to the bodily presence 
of the observer. And their influence may be 
manifested either directly by their effects upon 
the objects being measured, or indirectly by 
their effects on the apparatus used, or upon 
other circumstances affecting the conditions of 
the experiments. The circumstances that may 
arise are naturally very varied in character, 
and the detailed descriptions given under 
various headings below show 'sufficiently the 
kind of precautions taken in a number of 
typical cases. A few general remarks can, 
however, be made. 

The nature of the control which can be 
effected is, of course, very largely dependent 
on the conditions of the particular problem 
to be dealt with. If it is essentially an outdoor, 
or “ field ” experiment, such as the determina- 
tion of the base for a geodetic survey, any 
control over the external condition is naturally 
out of the question, and recourse must he had 
(for example) to the use of invar as a means 
of reducing the amounts of the variations 
produced by changes of temperature, and to 
the provision of appropriate means for ascer- 
taining the actual temperature of the tape or 
wire employed. This is by no means easy in 
the open air, particularly if the sun be shining 
and/or a wind blowing. 

In the laboratory, the control of external 
conditions which can be effected still depends 
to some extent on the nature of the problem. 
A mural base, intended for standardising the 
tapes or wires used in the field, itself occupies 
considerable space, which it would be difficult 
to control completely against variations of 
temperature. And here, too, the comparisons 
still have to be made in air. But the majority 
of metrological apparatus, and in particular 
that concerned with comparisons of the 
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principal standards, can be accommodated 
in rooms which are not too large to be con- 
veniently regulated by thermostatic devices 
which enable a rough preliminary control of 
temperature to be maintained. The proper 
design and location of the rooms in a suitable 
building also assist largely in this direction. 
The principal rooms of the Metrology Depart- 
ment of the National Physical Laboratory are 
all inner rooms, completely surrounded on all 
sides by corridors, or by other rooms, and 
lighted through double-glazed ceilings, over 
which is a roof-space below double-glazed 
north lights, so that no direct sunlight can 
enter. Artificial heating and ventilation are 
provided. 

Protection from the effects of the observer’s 
presence may usually be secured by the intro- 
duction of suitable screens or lagging round 
the important parts of the apparatus, or 
alternatively, as is done, for instance, with 
certain balances designed for the most refined 
weighings, provision may be made by which 
the observer is enabled to perform all the 
operations needed for the experiment, and 
to take all the observations, while himself 
remaining at a distance. Screens or lagging 
may also be used to reduce the effects of 
local heating due to small lamps, which, 
however, can frequently be replaced with 
advantage by collimators arranged to focus 
light on to the apparatus from a distance. 

These two classes of effects can often be 
further minimised by the choice of suitable 
materials for the essential structural parts 
of the measuring apparatus (as distinct from 
the objects being measured). The judicious 
employment of invar may be particularly 
useful in this connection when the effect is 
direct. In other cases invar may be applied 
in the construction of the working standard 
itself, as, for example, in the pendulum rod 
of a standard clock. If, on the other hand, 
the effect to be feared is due to the differ- 
ence of expansion of two different parts of 
the apparatus subject to the same thermal 
influence, it is usually more important to 
ensure that each is made of the same material 
than that either of them individually should 
have a low thermal coefficient. 

When temperatures are varying even slowly 
it is extremely difficult to be sure that the 
thermometer readings really correspond with 
the temperatures simultaneously existing in 
the objects being compared, owing to the lag 
of both thermometer and object behind their 
surroundings, which lag may be entirely 
different for one and for the other, according 
to their external form, to the material of which 
they are made, and to the history of the tem- 
perature changes. This, of course, applies 
with greatly increased force to those cases 
where it is necessary for the comparisons to 


he made in air. As far as possible the objects 
to he compared, with their thermometers, 
should be placed together in enclosures 
sufficiently well lagged to prevent any but 
very slow changes in external temperature 
from penetrating, and precautions should be 
taken to ensure that the objects and the 
thermometers are in as intimate association, 
as possible. A second and delicate thermo- 
static control of the interior of the lagged 
compartment may be desirable in many cases, 
and if it can be filled with water, or other 
liquid, and well stirred at frequent intervals, 
a great advantage may be gained. 

Two types of thermal screen may be 
employed, either singly or in conjunction. 
Their respective advantages and applicability 
should be considered in each case. A non- 
conducting lagging has the effect of preventing 
the flow of heat, and so damps out the more 
rapid of the external fluctuations. Rut it does 
not facilitate the equal distribution of tem- 
perature throughout the whole of the internal 
space. A metallic envelope, on the other hand, 
though it lets heat jrnss, tends, as a conductor, 
to establish a uniform temperature over its 
whole surface, and so by radiation to equalise 
the temperature distribution throughout its 
interior. For this reason metallic cases are 
of great value for the better types of balance. 
To secure the maximum advantage from a 
metallic case it should preferably be polished 
to a highly reflecting surface externally, and 
coated a dull black to facilitate radiation 
internally. 

If surrounded by an outer covering of 
lagging material, the polishing of the external 
surface is, of course, not necessary. 

(vii.) j Rigidity of Apparatus and Foundations . 
— This may play an important part in deter- 
mining the accuracy of results. Errors may 
arise from vibrations of the apparatus as a 
whole, transmitted to it through the earth 
and caused generally by the motion of heavy 
bodies or traffic in the neighbourhood. Or 
they may arise from displacements due to the 
motion of the observer, or of other individuals 
close at hand ; or from the necessary move- 
ments of parts of the apparatus itself leading 
to slight distortion of other parts. 

It is hardly possible to eliminate completely 
all effects due to earth tremors, but they can 
usually be minimised by mounting the whole 
apparatus on a sufficiently massive foundation, 
which should also bo made quite independent 
of the foundations and floors of the building, 
so that it may be unaffected by movements 
of the observers and others. Those important 
parts of the apparatus itself which are liable 
to distortion, or vibration, should bo made 
as rigid as possible, and should be designed 
so that they are supported in a manner which 
relieves them from the influence of deforma- 
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tions arising from the motions of other parts. 
This may frequently be done by making the 
parts in question as a separate unit, and giving 
it only a kinematic constraint — e.g. by resting 
it on three balls arranged on the well-known 
hole, slot, and plane principle. A good 
example of such a case is to be found in 
the microscope girder of the 1-metre com- 
parator (see “ Comparators,” § (6)). 

HI. Systems or Standards 

§ (6) Historical akd General. — A t the 
present day two systems of standards, the 
British and. the Metric, are so firmly established, 
and each of such widespread application, that 
both have to be fully considered in any general 
discussion of this question, while all others 
fade into comparative insignificance, and have, 
at the most, local or historical interest, Of 
the two systems mentioned the British is of 
far the greater antiquity, weights and measures 
according to this system having been handed 
down, with some vicissitudes but with no 
violent alterations, from those in use by the 
Homans. Each system uses the second as 
the unit of time, so that the differences 
between them relate solely to the units of 
length and mass. 

(i.) British Units. — The fundamental stand- 
ard of length on the British system is the 
yard, a length which has been preserved 
almost unchanged since the days of Edward I. 
The popular idea that the yard was originally 
44 the length of the King's arm ” is not correct. 
Various attempts at legislation with a view 
to enforcing the use of uniform standards of 
length and weight have been made in almost 
every country from very early times. The 
importance of such uniformity in commercial 
intercourse is obvious, and is even now the 
most powerful argument of those who advocate 
the universal adoption of the metric system. 
Such legislation had occurred in England 
prior to the reign of Edward I. But the inch, 
the foot (derived from the Roman foot), the 
cubit (18"), and the “ulna,” which was the 
predecessor of the yard, and which gave its 
name to the yard of Edward I., had been 
defined independently of each other, and in 
various manners, at different times. The 
effect of the Act of Edward I. was to correlate 
and unify these various pre-existent measures, 
and the important clauses, translated, read 
as follows : 

cc It is ordained that three grains of barley, 
dry and round, make an inch ; 12 inches 

make a foot ; 3 feet make an 4 ulna ’ ; 

5£ ulne make a perch ; and 40 perches in 
length and 4 perches in breadth, make an acre. 

c4 And it is to be remembered that the Iron 
Ulna of our Lord the King contains 3 feet 
and no more ; and the foot must contain 


12 inches, measured by the correct measure 
of this kind of Ulna, that is to say, one thirty- 
sixth part of the said Ulna makes one inch, 
neither more nor less, and 5J ulne, or 161- 
feet, make one perch in accordance with the 
above described Iron Ulna of our Lord the 
King.” 1 

Unfortunately the actual standard bar 
created by Edward I. has been lost, and the 
earliest authentic standard we possess is the 
brass yard of Henry VII., now preserved in 
the Standards Department of the Board of 
Trade. 

The Act of Edward I. also specified measures 
of capacity, the gallon and the bushel, and 
apparently copies of the principal standards 
were made and distributed to various towns, 
for it .continues : 

44 The standards of the bushel, of the gallon, 
and of the ‘ ulne 9 which have been sealed 
with the iron seal of our Lord the King are 
to be kept diligently and safely, under a 
penalty of £100. And let no measure be made 
in a town, unless it agrees with the measure 
of our Lord the King, and is sealed with the 
seal ' of the corporation of the town. If any 
person buys or sells with measures that have 
not been sealed, or have not been inspected 
by the mayor and the bailiffs, he will he 
severely punished. And all measures and 
4 ulne,' greater and less, are to be inspected 
and carefully examined twice every year. The 
standards of the bushel, of the gallon, and of 
the 4 ulne, 5 and the seals with which they are 
sealed, are to be kept in the custody of the 
mayor and the bailiffs, and of six legally sworn 
citizens of the town, in whose presence all 
measures must be sealed.” 1 

It will be seen that here wo have, in theory 
at least, a very well developed scheme of 
inspection of weights and measures correspond- 
ing fairly closely bo the current practice of 
to-day. 

The history of the standards of mass is 
similar. At different times 44 * pounds ” of 
various kinds have been used and standardised 
for different purposes, and the case is com- 
plicated by the inclusion of money measures, 
owing to the minting of coins by weight. The 
term ce sterling 59 is a survival of an early name 
of the penny, while on the other hand we 
still have the 44 pennyweight 99 of 24 grains, 
or one - twentieth of an ounce Troy. It 
took very much longer for the standards of 
mass to be co-ordinated and regulated than 
for those of length. Of five standards which 
have been variously legalised at different times 
we have still the systems of Avoirdupois and 
Troy weight in existence, but even these were 
not finally defined, in their present values and 

1 Translations taken from British Weights and 

Measures , by Col. Sir C. M. Watson, K.C.M.G., C.B., 

M.A. Published by John Murray, London, 1910. 
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relationship to each other, until as late as 
1824. 

An Act of George IV. passed in this year 
repealed all the laws on the subject enacted 
since the time of Edward I., and ordained that 
all measures of length were to be based upon 
a standard yard which had been constructed 
by a Parliamentary Committee in 1758, which 
was in future to be called the imperial standard 
yard ; and that all measures of weight were 
to be derived from the troy pound constructed 
by the same Committee, which was to be 
known as the imperial troy pound, and 
that the pound avoirdupois (containing 16 
avoirdupois ounces) was to be exactly equal in 
weight to 7000 troy grains. 

The Act further defined the gallon, in the 
form still legal, as the volume occupied by 
10 avoirdupois pounds of distilled water at 
the temperature of 60° F. weighed in air 
against brass weights, with the barometer at 
30 inches of mercury. 

The yard constructed by the Parliamentary 
Committee of 1758, and legalised by the Act of 
1824, was based on a brass yard made by order 
of Queen Elizabeth in 1587, which is also 
preserved at the Board of Trade, and which 
agrees with the present standard yard within 
-j-J-fl- inch. The yard of Henry VII. differs 
from the present legal standard by 0-037 inch. 

The Act of 1824 required the yard if damaged 
or lost to be replaced by reference to the 
length (39-1393 in.) of the “pendulum vibrat- 
ing seconds of mean time in the latitude of 
London, in a vacuum at the level of the sea,” 
and the pound weight by reference to the 
weight of a “ cubic inch of distilled water at a 
temperature of 62° F.” 

The present legal standards were constructed 
after the destruction by fire, in 1834, of the 
standards authorised ten years earlier. A very 
careful study was made of all available copies 
of the lost standards on which it was con- 
sidered that any reliance might be placed, and 
an elaborate investigation was made into the 
conditions of the problem . In particular, new 
and more accurate thermometers had to be 
specially made and calibrated for controlling 
the temperatures of the length standards 
during measurement. The Committee en- 
trusted with the work recommended against 
referring to any natural standards such as the 
quadrant of the earth’s meridian, or the length 
of the seconds pendulum- — the idea of com- 
parisons with the wave-length of light by 
interference methods had not then been 
developed — and decided to safeguard against 
future loss by duplicating the standards and 
causing copies, known as “ Parliamentary 
copies,” to be deposited in safe custody with 
various responsible bodies. These copies were 
carefully compared with the imperial standards 
preserved in the office of the Exchequer, so 


that their small inevitable errors are known, 
and were deposited in 1854 (1) in the Houses of 
Parliament (immured in the New Palace at 
Westminster), (2) at the Royal Observatory, 
Greenwich, (3) at the Royal Mint, and (4) with 
the Royal Society. These Parliamentary 
copies constitute the secondary standards of 
the British system, and, with the exception of 
those immured in the New Palace at West- 
minster, are required by law to be intercom- 
pared once every ten years, and to be com- 
pared with the imperial standard once every 
twenty years. 

An Act (18 & 19 Viet. c. 72) of 1855 

legalised these standards, and at the same time 
reversed the relative positions of avoirdupois 
and troy weight, making the former the only 
legal standard for general use, and limiting 
the application of the latter to the weighing 
of gold, silver, and precious stones, and the 
retail sale of drugs. This Act did not nomin- 
ally alter the actual magnitudes of the stand- 
ards, although the standards themselves had 
in the meantime been lost by fire and replaced 
as faithfully as possible by reference to existing 
copies, between the years 1834 and 1855. 

An Act of 1866 transferred the custody of 
the imperial standards from the Comptroller- 
General of the Exchequer to the Board of 
Trade, and the Weights and Measures Act of 
1878, which is still in force, repealed the 
Standards Act of 1855, but re-enacted so much 
of it as particularly described the imperial 
standards themselves. At the same time the 
troy pound was abolished, though the troy 
ounce, of 480 grains, remains a legal unit for 
weighing gold, silver, and precious stones. 
Apothecaries’ Measure is also retained for the 
use of di-uggists. 

(ii.) Metric Units . — The history of the metric 
system is less involved, commencing from the 
time of the French revolution (1792). The 
standard of length on this system is the metre, 
which was originally intended to be one ten- 
millionth part of the quadrant of the earth’s 
meridian. The measurement of the meridian 
was made in terms of the old French mea- 
sure, the “ toise,” and from this determination, 
made with very high precision for its time, 
it was found that the theoretical length of the 
metre should be -513074 toise. The original 
“ Metre des Archives ” of France was con- 
structed on this basis, and consisted of a fiat 
bar of platinum, 25 mm. wide x 4 mm. thick, 
the metre being thenceforward defined as the 
distance between the centres of the end faces 
of this bar, at the temperature of melting ice, 
without further reference either to the toise 
or to the earth’s quadrant. 

The metric unit of mass, the kilogramme, 
was intended to be the mass of a cubic deci- 
metre of water at its temperature of maximum 
density (4° C.). This was determined by 
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careful measurement and hydrostatic weighing 
of a bronze cylinder of equal diameter and 
length (243*5 mm.), from which, by comparison, 
was constructed the platinum standard kilo- 
gramme. 

Both these operations were conducted with 
extreme skill, and the accuracy obtained in 
both standards, as is now proved by measure- 
ments made with improved appliances and 
more modem methods, was appreciably higher 
than, could have been anticipated from the 
means available at the time. The metre 
appears to have been established in terms of 
the toise to about 0*01 mm. (1 part in 100,000), 
and the most recent determination of the 
kilogramme in terms of the cubic decimetre of 
water shows it to be in error 1 by only 2*7 parts 
in 100,000. Such results, for the time at 
which they were made, must be attributed in 
some degree to good fortune, as well as to the 
skill and care of those 2 concerned on the work. 

The metric system thus originated as a 
national system of weights and measures in 
France, and, represented by the two standards 
just mentioned, remained as such until 1889. 
Representations made in 1867 and 1869 by the 
Conference of the Geodetic Association, and by 
the Academy of Science of St. Petersburg, led 
to the appointment in 1870 of an International 
Metric Commission, which in 1872 reported in 
favour of replacing the French metric standards 
by new international standards which should 
preserve as closely as possible the values of the 
standards of the Archives of France, and of 
the formation of an International Bureau of 
Weights and Measures ; and at the same time 
made detailed proposals as to the character of 
the new standards and the methods to be 
adopted in preparing them. In 1875 effect was 
given to these proposals by the signature at 
Paris of the 44 Convention du Metre,’ 5 by which 
the governments of the various contracting 
States undertake to maintain at common 
expense a permanent International Bureau for 
the purposes mentioned. This Bureau, known 
as the Bureau International des Poids et 
Mesures, is actually housed at the Pavilion de 
Breteuil, Sevres, near Paris, and is controlled 
by an International Committee, acting under 
the general instructions of a General Confer- 
ence, which meets once in six years. The 
present Director is Dr. Ch. Ed. Guillaume, who, 
with his predecessor, Dr. Rene Benoit, was 
very largely concerned in the work of preparing 
the new international and national metric 
standards. 

The new international prototype standards 
were completed in the year 1882, and after 
elaborate comparisons were both declared 
identical , within the limits of error of the 
measurements, with the original standards of 

1 See £< Volume, Measurement of,” §§ (1), (2). 

3 Borda, Lefevre-Gineau, and Fabbroni. 


the Archives. The intercomparison of the 
national copies of the new standards with the 
prototypes, and with each other, occupied 
another seven years, and it was not till 1889 
that these were accepted by the Conference 
and distributed by lot to the various nations 
signatory to the convention. The national 
copies are all as nearly as possible identical, in 
material and construction, with the prototypes, 
and are to be regarded as tertiary standards. 
Two standards of each type (metre and kilo- 
gramme) were also selected to serve as 
44 temoins 55 or secondary standards — -i.e. to 
act as controls on the prototypes, or to affoi'd 
the basis for replacement if ever required. 

§ (7) The Stakbabds or Length. (i.) 
British . — The Imperial Standard Yard is fully 
defined and described in the First Schedule, 
Part I., of the Weights and Measures Act, 
1878 (41 & 42 Viet. c. 49). 

44 The imperial standard for determining the 
length of the imperial standard yard is a solid 
square bar, thirty- eight inches long and one 
square inch in transverse section, the bar being 
of bronze or gun-metal ; near to each end a 
cylindrical hole is sunk (the distance between 
the centres of the two holes being thirty-six 
inches) to the depth of half an inch, at the 
bottom of this hole is inserted in a smaller 
hole a gold plug or pin, about one-tenth of an 
inch in diameter, and upon the surface of this 
pin there are cut three fine lines at intervals 
of about one-hundredth part of an inch trans- 
verse to the axis of the bar, and two lines at 
nearly the same interval parallel to the axis 
of the bar : the measure of length of the 
imperial standard yard is given by the interval 
between the middle transversal line at one end 
and the middle transversal line at the other 
end, the part of each line which is employed 
being the point midway between the longi- 
tudinal lines, and the said points are in this 
Act referred to as the centres of the said gold 
plugs or pins ; and such bar is marked 
4 copper 16 ozs., tin 2-J, zinc 1. Mr. Baily’s 
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metal. No. 1 standard yard at 62-00° Fahren- 
heit. Cast in 1845. Tro ugh ton & Simms, 
London ’ ” (Fig. 1). 

The object of sinking the graduations below 
the surface of the bar is twofold. In the first 
place it serves to protect them from accidental 
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damage. But a more important consideration 
is this : if the graduations are carried on the 
upper surface of the bar, then, as was first 
pointed out by Capt. Kater, any flexure of the 
bar due to its own weight will produce a 
contraction or elongation of its fibres, except 
in the plane of the neutral axis of the bar, 
which may vary according to the mode of 
support. By bringing the graduations into 
the neutral plane this source of uncertainty is 
eliminated. 

There is, however, still the possibility of a 
slight error due to the elasticity of the bar, 
since, when supported in any determined 
manner, the neutral axis will itself be slightly 
curved, and there will, therefore, be a very 
small difference between the length of the bar 
when placed on its supports and when in the 
free condition. To minimise this effect as far 
as possible a special lever frame is provided 
for supporting the imperial standard yard or 
its copies during measurement, so that the 
weight of the bar is equally distributed over 
eight rollers, diagrammatically thus : 

L " ~ r t 1 t t t . j t_i 1 

i T r c r _r^ 

V77&777777777777777777777 X 

FIG. 2. 


Sir G. B. Airy 1 calculated the best distance 
apart for any number of equally spaced 
supports to be 

r a 

b = — ■===, 

Jn*-l 

where a is the total length of the bar (supposed 
of uniform section), and n the number of 
supports. In the case of the imperial standard 
a = 38", n — 8, so that 6 = 38 /n/(>3=4*79". 

(ii.) Metric. — The international prototype 
metre is defined as the distance, at 0° C., 
between the centre portions of two lines 
graduated on the polished 
surface of a bar of pure 
platinum-iridium alloy (10 
per cent iridium) of 102 
cm. total length, and of 
cross-section as Fig. 3. The 
graduations are on the 
upper surface of the web, 
which contains the neutral 
axis of the bar. This form 
of section was devised by G. Tresca, and pre- 
sents two advantages. Firstly, being uniform 
throughout the length of the bar, it permits of 
the whole length of the bar being graduated— 
for example, in millimetres — and secondly, it 
gives very great rigidity for the amount of 
metal employed, which was a consideration 
when over forty similar bars were required 

1 Phil. Trans., 1857, pt. iii. p. 17. 



of such an expensive material as platinum- 
iridium. 

The material, platinum-iridium, was pro- 
posed by H. St. Claire-Deville, and was ex- 
pected to prove extremely stable as regards 
secular change — a prediction which, so far as 
the evidence available enables an opinion to 
be formed, appears to have been admirably 
fulfilled. 3 It has the further advantages of 
being hard, inoxidisable, taking a high polish, 
and having a comparatively low coefficient of 
thermal expansion (8-65T + 0-001T 2 ) x 10~ 6 . 

The metre standard, when in use, is sup- 
ported on only two supports, which, according 
to Airy’s formula, should therefore be spaced 
at 102/ -JZ = 58-9 cm. apart. Broch, 3 starting 
from a slightly different standpoint, found the 
value 57*0 cm., which is the distance actually 
employed. Airy’s calculation is based on 
bringing the graduated surface of the bar at 
both ends into exactly the same (horizontal) 
plane, while Broch’s is based on making the 
distance apart of the graduation marks at the 
ends a maximum, and consequently independ- 
ent of slight variations in setting of the 
supports. It can be shown 4 that variations 
within the limits of the two formulae have no 
influence on the measurements comparable 
with the accuracy ordinarily obtainable in the 
fin al results. It is customary now to make 
use of the two -point method of support for 
line standard work generally, Airy’s formula, 
however, being mostly employed. 

§ (8) The Standards of Mass, (i.) British. 
— The fundamental standard of the British 
Imperial System is the pound avoirdupois, 
which is defined as the mass of a certain 
cylinder of pure platinum, about 1*35 inches 
high and 1*15 inches in diameter, with a groove 
round it about 0*34 inch from the top for 
insertion of the prongs of an 
ivory fork by which it is to be 
lifted, and with all edges care- 
fully rounded off, marked “P.S. 

1844. 1 lb.,” and now pre- 

served at the Standards De- 
partment of the Board of 
Trade, 6 Old Palace Yard, 

Westminster (Fig. 4). 

The present imperial standard pound was 
prepared, not from a previously existing 
avoirdupois standard, but from certain 
authenticated copies of the old brass troy 
pound of 1758, which, up to the time of its 
destruction by fire in 1834, occupied the 
position of principal standard. 5 

s The most recent report of the Bureau International 
indicates some very slight unexplained variations ra 
the relative lengths of certain of the national copy 
metres recently recompared. _ 

3 Travaux et M6moires du Bureau International , vu. 

B 62 ... ^ , 

* Chree, Pros. Phj/s. Soc., 1901, xvm. 594. 

6 H. W. Miller, Phil. Trans., 1856, cxlvi. 
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As -with the yard. Parliamentary copies 
of the imperial standard pound have been 
deposited at the Royal Mint, at the Royal 
Observatory, Greenwich, and with the Royal 
Society, and one immured in the New Palace, 
Westminster. The Act legalising the use of 
this standard proceeds : 

“ The said weight . . . shall be the legal 
and genuine Standard Measure of Weight, and 
shall be and be denominated the Imperial 
Standard Pound Avoirdupois, and shall be 
deemed to be the only Standard Measure of 
Weight from which all other Weights and other 
Measures having Reference to Weight shall be 
derived, computed and ascertained, and One 
equal Seven Thousandth Part of such Pound 
Avoirdupois shall be a Grain, and Five 
Thousand, seven hundred and sixty such 
Grains shall be, and be deemed to be, a Pound 
Troy. 

“ If at any Time hereafter the said Imperial 
Standard Pound Avoirdupois be lost, or in 
any Manner destroyed, defaced, or otherwise 
injured, the Commissioners of Her Majesty’s 
Treasury may cause the same to be restored by 
Reference to or Adoption of any of the Copies 
so deposited as aforesaid, or such of them as 
may remain available for that Purpose.” 

The relation between avoirdupois and troy 
weight was not altered by the introduction of 
the new standard, but from this date the 
former became the primary standard, and the 
latter a derived standard, instead of vice versa , 
as was formerly the case. 

In the work of reproducing the standard a 
number of weights (two of platinum and six of 
brass) were available, the weights of which in 
air had all been very accurately compared 
with that of the old standard before its loss. 
These weights were re-compared in 1844, and 
it appeared evident that the brass weights had 
gained in mass, as compared with the two 
platinum ones, whose relative values had 
remained unchanged, by amounts varying 
from 0-009 to 0*023 of a grain. It was found 
possible, however, by the aid of all the observa- 
tions available, to re-establish the weight of 
the standard in air to an accuracy of about 
0-001 or 0-002 grain (say 1 part in 5,000,000). 
Unfortunately, no record was to be found of 
any determination of the volume or density of 
the lost standard, and although four other troy 
pounds were available which had been struck 
with it in 1758, their densities were found to 
vary considerably (from 8*15 to 8-40). It was 
assumed, for reasons not very convincing and 
too long for description here, that the smaller 
value was more probable for the density of the 
lost weight, and the new standard was con- 
structed on this assumption. The air- buoy- 
ancy correction being roughly 0-0012/A, it will 
be seen that a variation of A from 8-15 to 8-4 
represents a possible uncertainty in the repro- 


duction of the mass of the standard of 4 parts 
in 1,000,000 — Le . twenty times the uncertainty 
of reproduction of the weight in air. It is 
probable that the mass was reproduced more 
exactly than this, but it is not possible to say 
so definitely. 

Copies of the new standard were sent to the 
principal countries of the world, including the 
United States of America, in which the British 
System of Weights and Measures is still the 
legal standard. 1 

(ii.) Metric . — The primary standard of mass 
on the metric system, is the international 
prototype kilogramme, which is a simple 
cy lin der of platinum-iridium alloy (10 per 
cent iridium, density 21-55148), of approxi- 
mately equal height and diameter, deposited at 
the Bureau International das Raids et Mesures, 
Sevres. It was found iden- 
tical in mass, within the 
limits of observational 
error, with its .predecessor, 
the “ kilogramme des Ar- 
chives ” of France {Fig. 5). 

Two copies of it are px'e- 
served for use as secondary 
standards, while further 
copies have been distributed 
for use as national standards to the various 
States signatory to the Convention <iu Metre. 
All these copies are in agreement with the 
prototype within 1 mg. (1 part in 10°), and 
have had their deviations from it determined 
to an accuracy probably better than 0-01 mg. 
(1 part in 10 8 ). 

§ (9) Subsidiary and Derived 'Units.— 
For many purposes the units defined by the 
actual standards are not of convenient mag- 
nitude, and other units, either multiples 
or submultiples of the standard units, arc 
commonly employed. In the English system 
we have the inch, the foot, and the mile, all 
at least as widely used as the yard, while as 
regards the metric units we have the C.Q.S. 
(centimetre, gramme, second) system of almost 
universal application in scientific computations. 

The following table shows the relatione of 
the British units of length : 

2 if inches = T \ T yard— -1 nail. 

12 inches ~ I foot. 

3 feet =1 yard. 

6 feet =2 yards — 1 fathom. 

5J yards = 1 rod, pole, or perch. 

4 rods ^ 1 chain. 

10 chains = 1 furlong. 

8 furlongs = 1 mile. 

The units of area commonly employed are 
the square inch, square foot, and square yard, 

1 legislation refers to British standards of 

the time at which it was enacted, some of which have 
been amended since. The U.S. gallon, for example, 
j is the old gallon of Queen Anne, and differs from the 
l present imperial standard gallon in the ratio 0*8325 : 1 . 
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but for land measure a special unit — the acre 
— is used. This is defined as a rectangle 
4 rods wide by 1 furlong in length, and a 
special unit of length, known as the £C chain, 55 
is used in land surveying. The chain is one- 
tenth of a furlong (66 ft.) in length, and is 
usually divided into 100 44 links, 55 each 0*66 ft. 
long. The acre equals 10 square chains. One 
quarter acre equals one rood. 

The corresponding table for the British 
imperial units of mass is as follows : 

Avoirdupois W eight 

16 drams = 1 ounce (oz.). 

16 ounces = 1 pound (lb.). 

14 pounds = 1 stone. 

100 pounds sss 1 cental. 

8 stones = 1 12 lbs. = 1 hundredweight (cwt.). 

20 hundredweights = 1 ton. 

The term fi£ quarter,’ 5 of 2 stones, should not be 
used in this connection, as it is the name of a legal 
measure of capacity. 

In addition to the above, the <c grain ” is defined 
by the relation 7000 grains = 1 lb. avoirdupois, and 
from this troy weight, legal only for weighing gold, 
silver, and precious stones, is derived as follows : 

24 grains = 1 pennyweight (dwt.). 

20 dwts. =480 grains = 1 ounce (troy). 

The troy pound ( = 12 troy ounces) is no longer a 
legal standard, and the troy ounce is now legally 
divided decimally. 

The ounce of 480 grains is also legal for the retail 
sale of drugs, but for this purpose is differently 
subdivided (apothecaries’ weight) as under : 

20 grains = 1 scruple. 

3 scruples = 1 drachm. 

8 drachms = 1 ounce. 

The metric system of multiples and sub- 
multiples is very much simpler, the factor in 
every case being 10, and the various subsidiary 
units being systematically named in such a 
fashion as to indicate immediately to which 
decimal place they correspond. The two 
series are as follows : 

1 kilometre (km.) =1000 metres (m.). 

1 hectometre = 100 „ 

1 decametre =10 „ 

1 decimetre (dm.) = 0*1 „ 

1 centimetre (cm.) = 0*01 „ 

1 millimetre (mm.) = 0*001 „ 

with the still further special units 

1 micron (/a) = 10“ G metre. 

1 Angstrom unit (used in spectroscopy) = 10~ 10 metre, 
1 megametre (used in astronomy) = 10 6 metres. 

and 

1 kilogramme (kg.) =1000 grammes (g.). 

1 hectogramme = 100 ,, 

1 decagramme = 10 ,, 

1 decigramme = 0*1 „ 

1 centigramme = 0*01 ,, 

1 milligramme (mg.) = 0*001 „ 


Areas are mostly expressed in square milli- 
metres, centimetres, or metres. For land 
measure the cc are 55 (100 sq. m.) and “ hectare " 
(100 ares) are employed. 

On both the English and metric systems 
special units of capacity are used, in addition 
to the cubic inch, foot, millimetre, centimetre, 
decimetre, etc., which are the correct theoretical 
units of volume. In each case the special unit 
is defined by reference to the density of pure 
water. 

On the English system the gallon is defined 
as the volume of pure distilled water which, 
when weighed in air against brass weights, 
both water and air being at 62° F. and the 
barometric pressure 30 inches of mercury, 
weighs 10 imperial pounds. This definition 
is incomplete in so far as it does not specify 
the density of the brass weights, or the 
humidity, etc., of the air. The table of 
capacities is as follows : 

4 gills =1 pint. 

2 pints =1 quart. 

4 quarts =1 gallon. 

2 gallons = 1 peck, 

4 pecks = 1 bushel. 

8 bushels = 1 quarter. 

36 bushels = 1 chaldron. 

Vessels constructed in accordance with this table 
are used for both dry and liquid measure, the 
smallest legal unit for dry measure being the half- 
pint, and the largest for liquid measure the 
gallon. 

In addition there is the apothecaries’ fluid measure, 
corresponding to the apothecaries’ measure of weight 
as under : 

60 minims =1 fluid drachm. 

8 fluid drachms = 1 fluid ounce. 

20 fluid ounces = l pint. 

Comparing this table with the preceding one it will 
be seen that there are 8 pints, and therefore 160 fluid 
ounces, in a gallon. Under the conditions of its 
definition the gallon weighs 10 pounds, so that 16 
fluid ounces of pure distilled water, under these 
conditions, would weigh 1 pound. Thus, apart 
from the effects of air buoyancy on the weighings, 
the ounce of apothecaries’ fluid measure corresponds 
to the ounce avoirdupois, whereas, as we have seen, 
the ounce of apothecaries’ weight corresponds to 
the ounce troy — a curious anomaly. 

On the metric system the unit of capacity 
is the ec litre, 55 defined as the volume occupied 
by 1 kilogramme of pure distilled water at its 
temperature of maximum density (4° C.) 

when under an atmospheric pressure of 760 
mm. of mercury. As the result of an extremely 
careful and elaborate investigation carried out. 
at the Bureau International 1 the volume of 
the litre was found to be 1*000027 cubic deci- 
metres, a result which is probably correct 
within one part in 10 6 . 

1 Trav . et Memoir es , 1910, tome xiv. 
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The metric table of capacity is then : 

Hectolitre =100 litres (1-). 

Decalitre =10 „ 

Decilitre — 0*1 ,, 

Centilitre = 0*01 „ 

Millilitre (mL)= 0*001 „ 

IV. Control of Weights and Measures 
used in Trade 

§ (10) The Testing Authorities. — In the 
United Kingdom, under the Weights and 
Measures Acts, all weights, measures, and 
weighing instruments used for trade must be 
verified and stamped by an Inspector of 
Weights and Measures. A fee is charged on 
the original verification and stamping of a 
weight, measure, or weighing instrument, and 
whenever it is presented for re-stamping. 
Weights, measures, and weighing instruments 
are also subject to periodical verification on 
annual inspection, for which no charge is 
made. The inspectors are appointed by the 
local authorities (County Councils or Town 
Councils). In Ireland, except in. the Dublin 
townships, members of the Royal Irish Con- 
stabulary used to act as ex-officio inspectors of 
weights and measures. Every inspector before 
appointment must hold a certificate of qualifi- 
cation granted by the Board of Trade on the 
result of an examination. The local authorities 
are required to provide their inspectors with 
local standards sufficient for the needs of 
their districts, and with a suitable office and 
instrumental equipment. The local standards 
must be verified by the Board of Trade, and 
re- verified every five years in the case of 
weights and every ten years in the case of 
measures, either by the. Board of Trade, or 
by the inspector himself in the presence of 
a Justice of the Peace, by comparison with 
other local standards which have themselves 
been verified or re- verified within the pre- 
scribed period. Local standards which have 
been adjusted must in all cases be re- verified 
by the Board of Trade. 

§ (11) Legal Denominations of Weights 
and Measures. — In order to avoid the facilita- 
tion of fraud, only weights and measures of cer- 
tain specified “ denominations ” are permitted 
to be used in trade, but when it is proved to the 
satisfaction of the Board of Trade that any 
new denomination of weight or measure is 
reasonably required in trade, the Board may 
cause to be made, and legalised by Order in 
Council, a new standard of that denomination. 
The principal legal denominations at the 
present time are listed, with their equivalents, 
in§(9). 

Since the year 1897 — under the provisions 
of the Weights and Measures (Metric System) 
Act, 1897 — the use of the Metric System has 
been legal in the United Kingdom for all 


purposes of trade. Metric denominations of 
weights and measures were legalised by an 
Order in Council dated 19th May 1898 (S.R. 
and O., No. 410 of 1898), and by an Order in 
Council of the same date (S.R. and O., No. 411 
of 1898) tables of equivalents of imperial 
weights and measures in terms of the metric 
system were duly issued. By an Order in 
Council dated 14th October 1913 (S.R. and O., 
No. 1118 of 1913), new denominations of 
weight of the Metric Carat of 200 mg. and 
its multiples and sub-multiples were also 
authorised for use in trade. 

In order to prevent confusion metric weights 
intended for use in trade must be of distinctive 
external form. The requirements with respect 
to the permissible denominations, form and 
material of construction, errors tolerated on 
verification and on inspection, methods of 
stamping, etc., as regards measures of length, 
measures of capacity for liquids, measures of 
capacity for dry goods, weights and weighing 
instruments, are set out in the Weights and 
Measures Regulations, 1907, which also include 
a series of instructions to inspectors as to the 
manner in which their various duties should 
be performed. 

§ (12) Regulations as to Inspection. — 
Although all sales made according to weight 
or measure must be made in terms of Imperial 
or metric weights or measures, it is not 
obligatory for commodities to be sold only by 
weight or measure, except bread and coal, 
which must be sold by weight, and intoxicating 
liquor sold in quantities not less than £-pint 
(1 pint in Scotland) and not in casks or bottles, 
which must be sold by measure. The regular 
tions with respect to the inspection, verifica- 
tion, and stamping of weights, measures, and 
weighing instruments are made by the Board 
of Trade and are tlx© same throughout the 
United Kingdom. The local authorities are 
empowered to make by-laws for regulating 
the sale of coal in quantities not exceeding 
2 cwt. in their respective districts, but these 
by-laws have first to be approved by the 
Board of Trade ; they are in general different 
in different districts, and there is no model 
or prescribed code of by-laws. 

Weights and measures must be marked with 
their denomination before they can be stamped 
by an inspector of weights and measures ; 
and weighing instruments with their capacity, 
i.e, the maximum load they are intended to 
weigh. Traders can in general use whatever 
weights, measures, or weighing instruments 
they choose, provided that these are stamped 
by an inspector of weights and measures ; 
hut weighing instruments for use in certain 
special trades specified in the regulations, 
e.g. dealers in precious metals or precious 
stones, jeweller’s, retail chemists, silk mer- 
chants, retail dealers in tea, coffee or tobacco. 
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must satisfy certain specially prescribed re- 
quirements. 

There are no special regulations with respect 
to the importation of weights and measures, 
but all weights, measures, and weighing in- 
struments imported from abroad are required 
to be verified and stamped in the United 
Kingdom before they can be used for trade in 
this country, whether they were stamped in 
their country of origin or not. 

Under Section 6, the Weights and Measures 
Act 1904, the Board of Trade have power to 
grant certificates of approval for patterns of 
weights, measures, weighing or measuring 
instruments, etc., which are submitted for 
examination and are found not to facilitate 
the perpetration of fraud. If the Board 
decline to give such certificate, no weight, etc., 
of such pattern shall be deemed legal and no 
inspector shall verify and stamp it for use in 
trade. 

It will be noticed that measuring instru- 
ments are included among the instruments 
which may be submitted under this clause. 
Measuring instruments are, however, in an 
anomalous position, since although the Board 
of Trade have power to make regulations with 
respect to their verification and stamping, 
and to examine them under Section 6, there 
is no statutory provision prescribing that 
measuring instruments used for trade must 
be verified and stamped by an inspector of 
weights and measures. This obligation can, 
however, be imposed as necessity arises in 
particular cases by special legislation, as in the 
recent case of leather measuring instruments. 

§(13) Board ojp Trade Standards. — The 
standards used by the Board of Trade for the 
purpose of verifying or re-verifying local 
standards are called “ Board of Trade 
standards.” A weight or measure used for 
trade must be verified by the inspector by 
comparison with his local standard of the 
same denomination, and as the inspectors’ 
local standards are all of the denomination 
of some Board of Trade standard, it follows 
that weights and measures which are not of 
the denomination of a Board of Trade standard 
cannot be stamped by an inspector of weights 
and measures for use for trade. The Board 
of Trade standards must be re-verified every 
five years. 

The standards by comparison with which 
the Board of Trade standards of imperial 
denomination {La. not metric) are verified 
and re-verified are the Parliamentary Copies 
of the Imperial Standards of the Yard and 
Pound. The national metric standards of the 
United Kingdom, corresponding to the Imperial 
Standards, are the iridio-platinum line Metro 
No. 16 and the iridio-platinum Kilogram No. 
18, obtained from the International Bureau of 
Weights and Measures ; these are deposited 


at the Standards Department, and the Board 
of Trade standards of metric measure and 
weight are based on them and. re- verified every 
five years by comparison with them. There 
are no “ Parliamentary Copies ” of metric 
standards. The Board of Trade standard 
measures of capacity are based on the Gallon 
and the Litre respectively ; these are defined 
by the weights of water contained in them 
under specified conditions. 

Board of Trade standards are provided of all 
the legal denominations listed in § (9), and 
also for the industrial standards given in § (22). 

V. Comparison op British and Metric 
Systems 

§ (14) Advantages op the Metric System. 
— The following advantages are claimed by 
the adherents of this system : 

(а) That the definition of the standard of 
length by means of a measurement taken at 
the melting-point of ice renders the standard 
independent of errors in the temperature scale, 
and is therefore intrinsically more reliable 
than a definition at 62° P. which involves 
thermometric measurements. 

(б) That the material of construction of the 
British standard has not proved completely 
stable, and that there is therefore a doubt as 
to the permanence of the standard, and 
whether it still represents accurately its 
original value. 

(c) That the true kilogramme being (approxi- 
mately) the mass of a cubic decimetre of 
distilled water at its temperature of maximum 
density affords a logical basis for the unit of 
mass, and one which is of great convenience 
in chemical computations. 

(d) That the multiplicity of subsidiary 
standards, and the variability of the factors 
employed on the British system for forming 
multiples and sub-multiples of standards, are 
highly inconvenient, and constitute an un- 
necessary educational stumbling-block, con- 
trasted with which the employment, of the 
decimal scale of multiples and sub-multiples 
greatly facilitates computations of all kinds. 

(e) That the system has received inter- 
national sanction, is already legally obligatory 
in many countries, and optionally legal in 
many others, and therefore forms a proper 
basis for an eventual world system of standards. 

With regard to these arguments in turn, the 
following remarks may be made : 

(a) It is perfectly true that there is uncer- 
tainty as to the exact temperature at which 
the imperial standard yard was originally 
defined, owing to the variability of mercury- 
in -glass thermometers. 

The thermometers employed were most 
carefully studied by Sheepshanks, who had 
charge of the work until his death in 1865. 
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Bat some of these thermometers, which have 
been preserved, are now found to differ 
amongst themselves by as nruch as ±0°-3 E. 1 
corresponding to a possible variation of 
±00001 inch in the length of the yard. It 
should be observed, however, that this is 
not a defect in the British standard as it 
exists now . It is precisely one of those cases 
in which gradually improving methods of 
observation permit improving precision of 
definition, within the limits of former uncer- 
tainty . The original uncertainty was inherent 
in the best known methods of the time when 
the standard was prepared, and the accuracy 
attained may fairly he said to have been as 
high as possible at that date. There is nowa- 
days no difficulty in repeating measurements 
of temperature in the neighbourhood of 62° F. 
on the hydrogen (or, in conformity with the 
most recent decisions of the International 
Conference, on the absolute thermodynamic) 
scale of temperature to an accuracy corre- 
sponding to the requirements made. The 
difficulty lies rather in being sure that the 
temperature recorded is actually that of the 
bar being measured. Moreover, in actual 
practice, measurements are not made at the 
melting-point of ice, but at temperatures close 
to this, so that the uncertainty of thermo - 
metric measurement is not eliminated, but is 
somewhat reduced by the fact that the 
thermometers employed are used only over a 
small region of their scales, in the immediate 
neighbourhood of the fundamental point, 
whereby the possible errors of their calibration 
are minimised. 

(6) There appears to be some reason for 
suspecting that this defect actually exists, 
and the Standards Department of the Board 
of Trade, admitting this possibility, have had 
made a new copy of the imperial standard, 
in platinum-iridium, of X section, similar to 
that of the metric standards. Variations have 
been found between the results of various 
periodical comparisons of the Parliamentary 
copies of the yard, in no case exceeding 
±0-0001 inch. A study of the results does 
not however seem to indicate any definite 
directional changes, and it remains to be 
seen from the results of further intercompari - 
sons in which the new platinum-iridium copy 
will be included, whether the variations so far 
observed are real, or due to observational 
errors. In the meantime the imperial standard 
yard remains the legal standard, and its 
variations, if any, do carry with them actual 
variations in the standard. 

(c) This consideration is clearly one of 
scientific interest only, and from this point 
of view the (almost inevitable) failure to carry 


. 1 Memorandum on the Construction and Yerifica 
tion of a new Copy of the Imperial Standard Yard 
pt. u KM. Stationery Office, 1905. 


out exactly the intention has led to the 
introduction of an anomalous measure of 
capacity — -the litre — into the metric system. 
The litre, defined as the volume occupied by 
one kilogramme of pure distilled water at its 
temperature of maximum density (4° C.), 
differs from, the true measure of capacity, the 
cubic decimetre, by 27 parts in 1,000,000. 
This amount is too small to be of importance 
in the ordinary operations of chemical analysis, 
and the system accordingly has its practical 
utility. But the appeal to logic fails. 

( d ) This argument undoubtedly has weight. 
But it should be realised that it is a collateral 
advantage of the metric system rather than 
an inherent merit of the metric standards 
themselves. This distinction is often lost 
sight of in controversial statements on this 
subject. It is, in fact, perfectly possible to 
use the decimal system of subdivision in 
connection with any system of standards, 
and this is now commonly done, for example, 
in British engineering practice, where the 
inch is subdivided into tenths, hundredths, 
thousandths, etc., instead of into halves, 
quarters, eighths, and so on ; oil the other 
hand, it must also be remembered that while 
the decimal system, owing to the accepted 
use of the decimal notation in arithmetic, 
is a decided convenience in computation, the 
inability to divide by any integer between 
2 and 5 without introducing a further decimal 
place or places in the result is often a distinct 
disadvantage in practical design. This is 
noticeable, for example, in cases where the 
value of the new digits introduced is such as 
to lead from the region of practical workshop 
measurement to something unattainable by 
ordinary workshop means. 

It is undoubtedly unfortunate that the 
historical development of the British system 
has left it with a confused schedule of multiple 
and subdivisional units. The ideal system of 
subdivision is probably that incorporated in the 
division of the hour, or of the degree of angle, 
into minutes and seconds, the factor 60 being 
divisible by all the elementary numbers 2, 3, 4, 
5, and 6. The next best, probably, would be 
the duodecimal system, into multiples of 12, 
each divisible into 2, 3, 4, or 6, and to a con- 
siderable extent this system is already to be 
foundincorporatedin the British measures — e.g. 
12 inches = 1 foot, 12 pence = 1 shilling, 24 grains 
= 1 dwt. (troy). It would not he impossible to 
extend this scheme of division throughout 
the British system, and with a duodecimal 
notation in arithmetic such a scheme would 
be extremely convenient, though this proposal 
is hardly within the scope of practical politics. 

As regards the practical utility of the two 
standards, there is probably nothing to choose 
so far as the larger measurements are con- 
cerned, but where workshop processes are 



METROLOGY 


593 


involved, controlled generally by the use of a 
micrometer, the ten - thousandth of the inch 
is a practical limit of accuracy, while the 
hundredth of the millimetre, though amply 
sufficient for many purposes, is not quite 
adequate for others, and the thousandth of 
the millimetre is too small for measurement 
by the means usually available. 

(e) This is the only argument which in the 
writer’s opinion would be of sufficient import- 
ance to justify the attempt to substitute the 
metric system universally, in place of the 
British system, in countries where the latter 
at present prevails. It must be observed, 
however, that old measures die hard, since 
the general public, which has no scientific 
interest in the matter, is not readily made 
accustomed to a new order of things, while 
the industrial world is very deeply committed 
in the nature of its equipment, and by the 
necessity of providing interchangeable spare 
parts for goods already produced, to the 
system on which its organisation has been 
developed. The British system is probably 
more deeply rooted, owing to its antiquity, 
than any other, and is of the most widespread 
application. Even in France, the home of 
the metric system, where it has now for many 
years been the only legal standard, traces of 
the old French measures are (or were until 
recently) still to be found in use, being trans- 
lated solely for purposes of sale into the legal 
units. It may be taken as certain that no 
kind of legal compulsion would be sufficient 
to effect the substitution of the metric for the 
British system against the wishes of the 
peoples using the latter. The only practical 
policy, and that which has actually been 
followed, is to give legal sanction to the 
alternative use of the metric system, and to 
trust to the processes of time to effect a 
gradual change. The efforts of those who 
desire to see the metric system in universal use 
would be more usefully employed in endeav- 
ouring to encourage and facilitate its voluntary 
adoption in this way, than in seeking to secure 
legal compulsion in advance of public desire. 

§ (15) Con version Factors, (i.) British . 
— Careful intercomparisons have been made 
of the Imperial and Metric standards, with the 
following results : 1 

1 metre = 39*370113 inches, 

1 kilogramme = 2*2046223 lbs. (avoirdupois). 

1 These figures have been given legal sanction. 
Order in Council, May 10, 1808. In Vol. I. p. 580 of 
this Dictionary a slightly different series of values is 
given for these equivalents. The figures were taken 
from the Computer Handbook , issued by the Meteoro- 
logical Office in 1021, and are based on the ratio 
1 metre = 30-37 008 inches. 

This is equivalent to 

1 inch = 2*5300000 cm., 

or 1 inch « 2-54 cm. correct to 1 part in 25,000,000, 
This ratio, 1 inch *=2-54 cm., has been adopted in 


From these the following relations may be 
obtained by direct calculation : 


1 inch 
1 foot 
1 yard 

1 square inch 
1 square foot 
1 square yard 
I cubic inch 
1 cubic foot 
I pound (avoirdupois) 
(7000 grains) 

1 ounce (avoirdupois) 
1 ounce (troy) (480 
grains) 

1 grain 


=25-399978 mm. 

= 30-479973 cm. 

= 0*9143992 m. 

= 6-451589 sq. cm. 
= 9-290288 sq. dm, 
= 0-8361259 sq. m. 
= 16-38702 cu. cm. 
=28-31677 cu. dm. 

= 0*45359243 kg. 
=28*34953 g. 

= 31-10348 g. 

= 64*79892 mg. 


also 


1 metre = 3-280843 ft. = 1-093614 yd. 

1 sq. metre = 10-76393 sq. ft. 

1 sq. cm. = 0-1550006 sq. in. 

1 cu. m. =35-31476 cu. ft. 

1 cu. dm. =61*02390 cu. in. 

The relationship between the gallon and the litre, 
owing to the complexity of their definitions and the 
slight ambiguity involved in the definition of the 
gallon, cannot be determined with the same precision. 
It may perhaps best be arrived at thus. 

The gallon weighs 10 lbs. when weighed in air 
against brass weights, at 62° F., under pressure 30 
inches mercury. In the official computation the 
density of the brass weight is assumed 2 as 5 = 8*143. 
Taking the density of air half saturated with water 
vapour, and containing normal content (0*04 per cent) 
of carbonic acid, under pressure 30" mercury as 
cr =0-0012175, and the density of water at 62° F. 
(16°*667 C.) as A=0*998860 kilogrammes per litre, 3 
the equation of weighing becomes 


M ( 1 - s )- lo ( 1 -0 


lbs. 


= 4*5359243^1 ■ 


) kg.. 


where M is the mass of 1 gallon of water at the 
temperature of definition, 62° F. 

If G be the volume of the gallon, then 


G: 


M 

= a ! 


=4-5359243- 1 ' 


0-/5) 


litres. 


(A -Or) 

whence, substituting the above values for cr. A, and 
5, wo get finally 

1 gallon = 4*5459627 litres. 


England as the basis for meteorological comparisons, 
and leads to the value 

1 m etr c = 39*37 007 87 inches, 
or 39-37008 correct to about 1 part in 30,000,000. 
The British legal value as stated above is 39-370113 
inches, and hence we find 

1 inch = 2*5390978 cm., 

or 2*54 cm. correct to about 1 part in 1,000,000. The 
relation between the yard and metre has recently been 
redetermined at the National Physical Laboratory 
by a n ew method giving very high precision. The final 
result is not yet available, but a provisional value, 
1 metre = 39*370131 inches, has been obtained, which 
agrees within less than 1 part in 2,000,000 with the 
figure at present accepted. , . . , „ 

a Ena/, Brit *' Weights and Measures,” article by 
H. 8. Chaney, footnote. . , 

3 Chappuis, Trav, et Mdmoires, 1907, tome xm. 

% 9 
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This figure differs slightly, owing no doubt 
to certain divergencies of assumption, from 
the legally accepted conversion, which is 

X gallori= 4*54:5963 1 litres. 

It should be remarked that since the litre 
itself has only with difficulty been determined 
in terms of the cubic decimetre to 1 part in 
10 6 and the definition of the gallon is still less 
certain, the last two digits in the above figures 
are without real significance, so that the two 
values may be regarded as in agreement within 
the limits of the problem. 

(iL) American . — Reverting to the considera- 
tion of the two fundamental conversion factors, 
the case of the standards of mass presents no 
difficulty. In respect of the length standards, 
however, it has been, objected that the doubt 
as to the values of Sheepshanks’ thermometers 
renders the intended value of the yard un- 
certain to 0*0001 inch, so that the last three 
digits in the conversion are worthless. The 
argument, as indicated above, has no real I 
weight, since wlrat is of importance is rather 
the existing facts than the original intention. 
None the less, because of it the relationship 
has received legal sanction in America in the 
form 1 metre = 39-370000 inches. For this 
reason it is sometimes stated that the American 
inch differs from the British inch, but this does 
not appear to be the case legally. The ancient 
standard of America — dating from the times 
of the earliest British settlement in that 
country — is the yard. And in 1858 the 
American Government was supplied by the 
British Government with copies, similar to 
* the Parliamentary copies, of the new British 
Imperial Standards. There does not appear 
to have been any legal enactment in America 
relating to these standards, but the Act of 
Congress of 1866, which authorises the 
optional use of metric units, does so in the 
following terms : 

4 4 It shall be lawful throughout the United 
States of America to employ the weights and 
measures of the metric system. . - . The tables 
in the schedule annexed shall be recognised 
... as establishing in terms of the weights 
and measures notv in me in the United States, 
the equivalents of the weights and measures 
expressed therein in terms of the metric 
system. . . 

Then follows the table commencing 1 metre 
=39*37 inches. This clearly implies that the 
yard and inch remain unaltered, and presum- 
ably, though this is not stated, the yard 
of that period was in agreement with the 
British imperial yard, of which a copy not 
long before had been sent to America. 

Tn 1893 there was what is known as the 
Mendenhall order, quoted thus in Circular 
No. 47 of the Bureau of Standards, "Washington : 
€t The Office of Weights and Measures will in 


future regard the international prototype metre 
and kilogramme as fundamental standards, in 
accordance with the Act of July 28th, 1866. n 

This order apparently has the effect of 
substituting the international metre for the 
yard as the principal standard of length in 
America, and in this case it would have the 
effect of altering the value of the yard. The 
order is so interpreted by the Bureau of 
Standards, and inch standards based on the 
certificates of that institution differ from our 
British inch to the extent that the factor 39*37 
differs from the legalised value 39*370113. 
But the fact that there has been no Act of 
Congress altering the Act of 1866, and the 
reference to this Act in the Mendenhall order, 
seem to show that there is no legal authority 
for the variation of the yard standard, and 
that it would be more strictly correct to say 
that it is the American metre which is slightly 
different from the international metre. The 
I great bulk of industrial standards in America 
are undoubtedly based on the original British 
inch. There is no doubt, however, that at 
the present time there is some ambiguity as 
to the actual position of the American 
standards, and the whole situation is an 
excellent illustration of the need for universal 
co-ordination. 

It should be remarked that while the actual 
primary standards, being material bars 
affected by temperature conditions, have to 
be brought to cei'tain exact temperatures 
(0° G. and 62° F. respectively) in order to 
serve their function in defining the two 
fundamental units of length, these units 
themselves are absolute in character, and 
entirely independent of temperature. It is 
incorrect to speak of the standard as repre- 
senting the metre or yard except when at its 
appropriate temperature of definition. The 
ratio between the units is consequently a 
pure number , which, when once determined, is 
independent both of the standards themselves 
and of everv other consideration. 

The ratio 1 metre = 39*3701 13 inches repre- 
sents the most accurate determination of ^ this 
number so far made, and it is w r orth noticing 
that it gives rise to the very convenient 
relation 

1 inch=25'4 mm., 

which is accurate to within 1 part in a million* 
This factor besides being numerically simple 
has one great value in the industrial problem 
of the transference from the British to the 
metric system, since it enables screw threads 
of metric pitches to be cut accurately on lathes 
with English lead screws, by the simple inter- 
position of a gear wheel of 127 teeth. It is 
unfortunate, therefore, that America should 
; have adopted legally the ratio 1 metre = 39*37 
L inches, which, besides being less convenient, 



METROLOGY 


595 


differs from the best determined value by 
rather more than three times as much as the 
simple ratio 1 inch = 25*4 mm. 

VI. Industrial Metrology 

§ (16) Temperature of Adjustment for 
Industrial Stani:>ards. — This brings us to 
the consideration of another point of consider- 
able practical importance, which has been the 
subject of much debate. We have seen that 
the two primary length standards have 
different temperatures of definition, chosen 
for different reasons. The temperature of 
definition of the metre (0° C.) is designed to 
give the greatest scientific precision. That of 
the yard (62° F.) is intended to represent (and 
as far as Great Britain is concerned does fairly 
represent) a temperature of employment corre- 
sponding to the average conditions of use of 
industrial standards. Engineers’ scales and 
gauges in Imperial measure are therefore 
ordinarily adjusted so as to be correct at 
62° F., i.e. so as to agree with the primary 
standard when both they and it are at this 
temperature. On the metric system, however, 
since it is impracticable to use workshop 
appliances at 0° C., there is a certain ambiguity 
as to whether the industrial standards should 
be adjusted so as to be correct at the ordinary 
temperature of employment, or so as to agree 
with the primary standard when both are at 
0° C. The latter procedure is that advocated 
by the orthodox metricists, and is adopted to 
some extent in France and Switzerland. But 
for the most part Continental and also 
American practice tends to the use of 20° C. 
as the temperature of adjustment for metric 
industrial standards. This is a somewhat 
higher temperature than 62° F., and its 
prevalence may he accounted for, no doubt, 
by the fact that American and Continental 
factories are usually kept rather warmer than 
English ones. 

It has to be noticed in the first place that 
the use of 0° C. as the temperature of adjust- 
ment for industrial metric standards leads to 
the inconvenience that such standards, if made 
of varying materials, will not be mutually 
consistent at the actual temperature of use. 
A brass scale, for instance, which agrees with 
a similar steel one at 0° 0., will exceed it in 
length by about parts in 10,000 when both 
are at 20° 0. This amount is just too great 
to be neglected in modern workshop practice 
of a fairly precise nature. Consequently, if 
0° 0. be accepted as the temperature of adjust- 
ment for industrial standards, either the 
material of which such standards are to be 
made must be specified — an undesirable 
limitation, and one liable possibly to hamper 
progress-— or else allowance must continually 
be made for the coefficient of expansion of the 


scales and gauges employed, which is a serious 
inconvenience in general engineering practice. 
It must be admitted, of course, that in certain 
eases— e.g. of very fine precision work for 
scientific apparatus, or for parts of heat 
engines destined to function at temperatures 
widely remote from those at which they are 
made — -allowance has in any case to be made 
for thermal expansion. But such cases are 
a small proportion only of all that are met 
with in practice, and in this small class, at 
any rate, the necessary calculations can be 
completed in the drawing office and the 
allowances shown on the drawings, so that the 
workman is not affected. The variations of 
temperature ordinarily experienced in work- 
shops not being excessive, it follows that in 
the vast majority of work sufficient precision 
will be obtained by the use of scales and 
gauges adjusted at the average temperature 
of use. And where a slightly higher precision 
is required the effects of temperature fluctua- 
tions can be further minimised if the scales 
or gauges employed are made of materials 
having approximately the same coeffi dents 
of expansion as the parts they respectively 
control. If all the scales and gauges are then 
adjusted to some common temperature of use, 
the various parts, even if of different materials, 
will then assemble and function correctly at 
such common temperature. There is thus a 
very strong case for the universal adoption 
of some common temperature, corresponding 
to average workshop conditions rather than 
0° C., as the temperature of adjustment for 
metric industrial standards, and it is to be 
hoped that international agreement on the 
subject may not he long deferred. 

With regard to the temperature to be chosen 
for this purpose, it would be an obvious 
convenience to the user of the British imperial 
system if the same temperature (62° F.) could 
be taken in both, cases, and this would no 
doubt be a small factor assisting the gradual 
transition from the British to the metric 
system. But apart from this quit© general 
consideration there is a practical factor of 
no less importance which bears on the case. 
We have seen that the conversion factor 
I inch — 25*4 mm. is correct within 1 part in 
I0°p and that this simple ratio has a real 
utility in the very important problem of 
securing interchangeability of screw threads 
exit on lathes made according to the two 
systems. But this ratio is a pure number, 
representing the absolute relationship between 
the units, apart from the temperatures of 
definition. Consequently its direct cm j >1 oy- 
ment in workshop practice implies that both 
systems are supposed to be based on standards 
adjusted to be correct at the mime common 
temperature . And since the industrial standards 
of the imperial system are already adjusted 
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at the reasonable working temperature of 
62° F., while those of the metric system are 
still the subject of debate, it is very strongly 
indicated that universal agreement should be 
found on the adoption of 62 Q F. (16-67° 0.) 
as the common temperature of adjustment 
for industrial standards on both systems. 

§ (17) E^ghstebrs 5 Scales and Gauges. 
(i.) Preliminary . — The engineer’s scale is 
ordinarily a comparatively thin strip of 
metal, usually steel, graduated fairly boldly 
in inches or centimetres, and subdivisions 


thereof. It is used only for relatively rough 
measurements. The vernier calliper, reading 
to 0*001 inch, is a somewhat more accurate 
application, of line measurement to engineering 
practice, but even this accuracy is not high, 
and presents no difficulty in attainment. For 
precise measurement the engineer relies al- 
most exclusively on micrometers and gauges ; 
both representing forms of end -measurement. 

The importance of establishing standard 
gauges for engineering use was first realised 
and acted upon by the late Sir Joseph Whit- 
worth, who, in his workshops at Openshaw, 
Manchester, produced the first accurate surface 
planes, by the well-known method of scraping 
a set of three planes together until any two of 
them will touch each other all over. This he 
followed by the introduction of the Whitworth 
measuring machine — -really a large and 

specially constructed micrometer — using a 
gravity piece to improve the delicacy of the 
sense of contact, whereby measurements to 
an accuracy of 0*00001 inch were made 
possible ; and of accurately made end gauges 
and cylindrical plug and ring gauges. Further, 
he collected data relating to the proportions 
of the very heterogeneous screw threads 
prevalent in his day, and upon this data 
formulated the Whitworth series of screw 
threads, involving the standardisation, firstly, 
of the form of thread, and, secondly, of a series 
of suitably related pitches and diameters for 
general work. Finally, by establishing the 
manufacture of screw gauges and of accurate 
tools for the production of screw threads in 
accordance with Ms proposals, he gave them 
a practical form which has led in due course 
to the very extensive employment which they 
now enjoy. In ah this work Whitworth was 
a pioneer, and its results were of inestimable 
value to the engineering industry. 

(ii.) Limit Gauges . — The system of gauging 
established by Whitworth was designed to 
secure interchangeability of parts by the 
process of making the work a good fit to the 
corresponding gauges- It left the quality of 
the fit obtained to the skill of the workman, 
and to this extent was incomplete. For 
example, suppose a 1-inch shaft had to be 
made to fit a 1-inch hole. The 1-inch plug 
and ring gauges, made to fit each other as 


perfectly as possible, would be taken ; the 
shaft would be made to pass the ring gauge, 
and the hole to take the ping gauge, and it 
would then he certain that the shaft would 
enter the hole. But the nature of the fit of 
the shaft in the hole would depend on how 
closely the workman had made the two parts 
to fit their respective gauges. Different 
qualities of fit are naturally required for 
different purposes, and it is left to the skill 
of the workman, firstly, to judge how closely 
the parts should fit the gauges, in oi'der to 
secure a particular kind of fit in the product, 
and, secondly, to secure that in actual practice 
the fit of the work to the gauges is in accordance 
with this judgment. Such a system is defective 
in two ways. In the first place, different work- 
men do not aim at precisely the same results, 
and in the second place, having no definite 
limit of variation laid down, each man tends 
to spend far too long in getting the work as 
near as possible to what he judges desirable. 
The aggregate of all resulting work may be 
just as variable as if a fairly generous 
tc tolerance 55 had been allowed in the first 
place, but the cost is much higher. 

The tendency of all modern economical 
production is to decide in advance what 
difference of dimensions is needed between 
the parts in order to secure the desired quality 
of fit, and what limit of variation can be 
allowed on either part individually without 
impairing its satisfactory functioning. Suppose, 
for instance, that a 1-inch shaft were required 
to be a running fit in its hole. It might be 
decided that a clearance of not less than 0*001 
inch was necessary for lubrication, while a 
clearance greater than 0*002 inch would lead to 
too slack a fit. The total tolerance available 
is the difference between 0*001 inch and 0*002 
inch, which has to be distributed between the 
two parts. Suppose it equally divided. Then 
we might have the following limits ; 

Gauges. 

” C£ 3STot-Go \ 


f l -0005" “ High - im oi-uu { ( pt k 
For the hole ^ i . 00 00" “ Low ” “Go” J C Ug) ' 


For the shaft 


f 0-9990" 
V.0-9985" 


High” “Go” 
Low ” “ Hot-Go 


, "j (Rings). 


All this should be decided definitely in the 
drawing office, before actual construction of 
the parts is commenced, and the limits for 
each part should be shown on the drawing. 
When the workman comes to produce the 
parts, he is given a set of four gauges, two 
plugs for the hole, and two rings for the shaft, 
made as closely as possible to the sizes given 
above. Such gauges are called Limit Gauges , 
since they are the material representations of 
the limits of error between which the workman 
is required to work. And in working to limit 
gauges all the workman has to do is to reduce 
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the shaft until it will readily enter the 0*999 
inch Go ” ring gauge, taking care only that 
in. so doing he does not overstep the mark and 
make it so small that the 0*9985 inch “ Not- 
Go 55 gauge will also pass. Provided he secures 
this result the work is within the limits which 
it is known will be satisfactory, and he has 
no need to spend time carefully adjusting 
until he obtains what he thinks a satisfactory 
“ feel ” on the gauge. CoiTesponding remarks 
apply to the hole. 

The # limit gauge system thus greatly 
facilitates the economic production of repetition 
parts in bulk, and adds to what may for 
distinction be called the “ standard ” gauge 
system the advantage of not merely ensuring 
interchangeability, but at the same time, by 
means of the cc Not-Go” gauges, maintaining 
a control over the quality of fit produced. It 
should be noticed that to secure interchange- 
ability alone the u Go ” gauges are in all cases 
sufficient. But in the absence of the “ Not- 
Go ” gauges the fit may be anything within 
the discretion of the workman. 

It may be remarked that a limit gauge system is 
more expensive in prime cost than a standard gauge 
system. But where mass production is concerned, 
and under present-day conditions only mass pro- 
duction can bo considered economical, the prime cost 
is very soon wiped out by the saving effected on each 
of a large number of similar parts. 

§ (18) Tolerances on Gauges. — So far we 
have spoken as if the gauge were absolutely 
correct to its supposed size. Naturally, it is 
no more possible to make a perfect gauge than 
a perfect piece of work. Since the number 
of gauges employed is relatively small as 
compared with the number of parts each is 
used to control, it is possible to spend time 
and care in making the gauges to a considerably 
higher degree of accuracy than the work, but 
none the less some tolerance must be permitted 
for errors in manufacture of the gauge itself. 

Before deciding as to this tolerance it is 
necessary to give careful attention to the 
purpose which the gauge in question is to 
serve. We have been considering so far only 
the process of producing the work in the shop. 
In practice it frequently happens that the 
work after production is subjected to inde- 
pendent inspection by the purchaser. In such 
cases it is important to observe that the limits 
given on the drawings are the nominal limits 
for the work . The manufacturer has no claim 
to have any work accepted which falls outside 
these limits ; the inspector, on the other hand, 
has no right to reject any work which lies 
within them. Consequently, any tolerance 
which the manufacturer may require for the 
construction of his gauges must be so distri- 
buted as to fall within the limits for the work, 
while any tolerance on the inspector’s gauges 
must be outside the same limits. The effect 


of this is that when the gauges are new the 
workman will actually have rather less toler- 
ance on the work than the drawing shows, but 
he will be able to continue using his gauges 
until the “ Go ” gauge has worn right to the 
drawing dimension. And since he is working 
to the gauges, and not to the drawing, he will 
not ordinarily be conscious of the slightly 
increased stringency. But the system, if 
properly controlled, should ensure that no 
work which passes out of the shop is outside 
the drawing limits. The inspector, on the 
other hand, can continue to use his gauges 
until the ct Not-Go ” has worn to drawing 
size, and still be sure of rejecting nothing 
unfairly. The wear of the workshop “ Not- 
Go ” gauge, and that of the inspector’s cc Go ” 
gauge, tend to improve the conditions for 
agreement between the parties. Naturally 
the wear of the <£ Not-Go ” gauges is normally 
much less rapid than that of the cc Go ” gauges. 

The whole of the above can readily be 
expressed in the form of a simple rule. Galling 
the larger gauge of each pair the “ High,” and 
the smaller the tc Low,” limit gauge, then the 
signs of the tolerances on the various gauges 
must in all cases be as in the following table : 


Gauge. 

Tolerances. 

Workshop. 

Inspection. 

“ High ” . . 

- 

+ 

“ Low ” 

+ 

- 


If in our previous example the amount of the 
gauge tolerance be taken as 0*0001" in each 
case, the limits of acceptability for new gauges 
would then be : 


Gauge. 

Workshop. 

Inspection. 

“ High ” plug . ! 
“ Low ” plug . | 
“ High ” ring . ( 
“ Low ” ring . ( 

1-0005 

1-0004 

1-0001 

1-0000 

0-9990 

0-9989 

0-9986 

0-9985 

1-0006 

1-0005 

1 0000 

0-9999 

0-9991 

0-9990 

0-9986 

0-9984 


the numbers printed in heavier type being 
the nominal limits for the work. 

It will be seen that in the worst case, with 
new gauges, the workman might be left with 
a tolerance of only 0*0003", instead of the 
nominal 0*0005". The inspector, on the other 
hand, might accept, if such were offered to 
him, work showing a total vaiiability of 
0*0007". The example chosen is one where 
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the work is being made to a fairly fine tolerance, 
and the influence of the tolerances needed 
for the gauges is relatively considerable. In 
a very large proportion of work made to 
gauges the gauge tolerance is of less importance. 

In many factories the practice is for all work after 
leaving the shop to pass a factory inspection. In 
such cases, if no farther outside inspection is to be 
anticipated, the factory inspector may make use of 
gauges made to inspection tolerances. But if the 
factory inspection is to be followed by outside 
inspection, the parts must be controlled right up to 
the moment of leaving the factory by gauges with 
workshop tolerances. If the tolerance on the work 
is generous there is no difficulty in arranging two 
series of manufacturer’s gauges, one for production 
and one for domestic inspection, both inside the limits 
for the work, but the latter less stringent than the 
former. If, on the other hand, the work tolerances 
are tight there must be some give and take between 
the workshop and the local inspection department. 

A procedure frequently adopted with success in 
such cases is for the factory inspector to make use of 
“ Go ” gauges which have been in service for a time 
as workshop gauges and become slightly worn, but 
not outside the limits. The workman should use the 
worn “ Not-Go” gauges. 

Another case which may arise is that of a firm 
purchasing parts from a sub-contractor. If no 
final outside inspection is involved, the purchasing 
firm is in effect outside inspector to the sub-contractor, 
and may proceed accordingly. But if the finished 
article is to be subject to final inspection by a third 
party, then the purchasing firm must satisfy itself 
that all parts supplied by the sub-contractor are 
actually within the drawing limits for the work, and 
must make suitable provision in the contract, either 
by assigning slightly reduced limits to the sub- 
contractor, or otherwise, to enable this to be done. 

§ (19) Standard, Reference, Check, and 
Master Gauges. — In addition to the two 
classes of gauge so far discussed, there are a 
number of others which have to be considered. 
The terms “standard” and “reference” gauges 
are frequently employed, more or less indis- 
criminately, for gauges intended to represent 
as closely as possible the hmiting dimensions 
of work. It is desirable to make a distinc- 
tion. The term standard gauge should be 
reserved for simple types of gauge — e.g. end 
bars, slip gauges, such as those described in 
“ Gauges,” § (5), plain plug and ring gauges, 
etc. — made as accurately as possible to cer- 
tain standard nominal sizes, which are used, 
not for the actual verification of work, but 
as bases of measurement in the construction 
and verification of other gauges. Reference 
gauges are simply inspection gauges, made 
with extra care so as to be as close as pos- 
sible to the nominal limits for the *work they 
are intended to control, and are used only in 
cases of doubt or dispute. 

A “ Check ” gauge is a special gauge used 
in the manufacture or verification of other 
gauges, and stands in exactly the same relation- 


ship to the gauges as they themselves do to 
the work. The gauges in this case tadke the 
place of the work, and the tolerances on the 
check gauges must be even finer than those 
on the gauges they are to control, and their 
signs are governed according to the role each 
particular check is destined to play *by P re ~ 
cisely analogous rules to those which- apply 
to the gauges. The check gauge, in many 
cases, will be practically a model of the 'work. 

Lastly, a “ Master ” gauge is one specially 
made to assist in the manufacture or "verifica- 
tion of a check gauge. If complete in form 
the master gauge bears the same i’ela.tion to 
the check as the gauge does to the work. The 
tolerance on a master gauge should, if possible, 
be less again than that on the check. Gener- 
ally speaking, however, check gauges are 
verified almost entirely by direct measure- 
ment, and a master gauge, when needed, often 
takes the form of a relatively simple gbuxiliary 
piece, used firstly in the manufacture of the 
check, and subsequently retained with it as 
an aid to measurement. 

We thus see that there are several grades 
of accuracy necessary to the establishment of 
a complete system of gauge control. Taking 
the stages in order we have : 

(а) The work, 

(б) Workshop or inspection ganges, 

(c) Check or reference gauges, 

(d) Master gauges, 

(e) Standard gauges, 

(/) Ultimate standards, 

each of which stages should represent an 
increase of accuracy over the one preceding it. 
On an ideal theory, the step in each case should 
represent at least a tenfold increase in 
accuracy, which, if the tolerance on the work 
were, say, 0*001 in., would involve making 
and measuring inspection gauges to O-OOOl in., 
check gauges to 0*00001 in., master gauges 
to 0*000001 in., and standard gauges to 
0-0000001 in. ; and finally keeping control 
on the ultimate standards to the e equivalent 
of the hundred-millionth of an inch on the 
size involved. Neither workshop practice nor 
methods of measurement are yet adequate 
to the realisation of such high orders of 
accuracy. Nor would it be of any practical 
utility if they were, as variations of tempera- 
ture would render such accuracy nugatory. 
Fortunately, it happens that the higher* stages 
of the work are all carried out under expert 
supervision, and a much lower factor than 
10 is permissible in these circumstances. hut 
it is by no means easy, in a great many cases, 
to achieve as good a graduation as would be 
desirable, and the conditions of the problem 
indicate very clearly how important it is to 
sacrifice nothing of attainable accuracy at any 
stage of the work. 



METROLOGY 


599 


§ (20) Partial and Universal Inter- 
C HAN G 33 A BILIT V OR STAND ARDS. — The next 
point demanding attention is the distinction 
which has to be drawn between the require- 
ments of a single workshop or factory and 
of the nation or world as a whole. To secure 
interchangeability between parts made in a 
single workshop it is sufficient if all corre- 
sponding parts are made to the same gauges, 
which have been suitably adjusted in relation 
to each other. It does not matter in the 
least whether the gauges are or are not 
strictly in accordance with the true nominal 
sizes they are supposed to represent. A firm, 
the dimensions of whose work are all con- 
sistently based on a false standard, will ex- 
perience no difficulty until it comes to deal 
with other outside firms. But when it comes 
to purchasing standard tools, such as taps, 
drills, or reamers, or has occasion to contract 
out for the supply of certain components, 
or when its products com© to be the subject 
of outside inspection, it may find itself 
seriously inconvenienced. In all 4 such cases 
the parties with whom it enters into relations 
may be using standards different from its 
own, and the results may be disastrous. 
Consequently it is of the highest importance, 
for any large engineering concern to assure 
itself, not only that its standards and gauges 
are consistent inter se> but further that they 
are correct to absolute size and consequently 
in agreement with those of every other firm 
which takes the same precaution. To achieve 
this some central authority is necessary by 
which the standards in use in industry may bo 
controlled and verified. 

The National Physical Laboratory, Tedding- 
ton, Middlesex, undertakes this function as 
far as Great Britain is concerned. 

§ (21) Theory ok “ Go 33 and “ Not-Go 33 
Gauges.- — The expression “ limit ” gauging 
implies the use of two gauges to control each 
dimension on the work. Each gauge is made 
nominally to one of the two limits of the 
tolerance permitted for the dimension in 
question, and one gauge must “ go 33 and the 
other must not. Where a single dimension 
alone is concerned two simple gauges are 
sufficient for the purpose. But in many 
cases the form of the work is such that a 
number of elements have to be controlled 
simultaneously, not only as regards their 
various dimensions, but also as regards their 
relationships with each other. In such cases 
it is not sufficient to take a pair of “ Go 35 
and “ Not- Go 33 gauges for each element 
separately. The “ Go 33 gauge, to be effective, 
must combine in itself the “go” limits for all the 
elements, in their correct mutual relationship ; 
otherwise it is quite possible that the work, 
though correct as regards each dimension taken 
separately, will not assemble as a whole. 


On the other hand, while it is essential in 
order to secure satisfactory assembly that 
the “Go 33 gauge should combine in itself all 
the important elements of the work it controls, 
it is equally essential that the “ Not-Go 33 
gauges for each element should be separate 
and independent of each other. If the “ Not- 
Go 33 gauge were made similarly to the “ Go 33 
gauge, in a form in which all the elements 
were combined, then it would be sufficient, 
in order to prevent the work from mating 
with the “Not-Go 33 gauge, for any one of the 
elements to be correct within its limits, and 
if this were the ease, the gauge would give 
no indication as to the accuracy or otherwise 
of the remaining elements as regards their 
“ Not-Go 33 limits. 

The meaning of the two preceding paragraphs may 
best be illustrated by actual examples. As a very 
simple case, consider an ordinary photographic 
plate which has to fit into the rebate of a dark slide. 
To avoid fractions let ns suppose it is a 4" x if plate. 
And let us suppose also that a perfect rectangle 
4" x 5" in size represents the minimum clear opening 
of the rebate in any dark slide. The necessary and 
sufficient condition of interchangeability of all plates 
in all dark slides is then clearly that no plate shall be 
of such a size or shape that it will not fall into a 
gauge correctly representing the perfect figure of the 
4f x if rectangle. (Such a gauge is a correct “ Go ” 
gauge, and combines in itself not only the measure 
of the maximum dimensions, 4" and if respectively, 
allowable for the plate, but in addition provides a 
control on the straightness of the sides and on the 
angles between them. 

Consider what might happen if, instead of such a 
complete form “ Go ” gauge, wo were to use only two 
simple snaj) gauges, E t and (Mg. 6), to control the 



INCORRECT 

GO 



Fig. 6. 




CORRECT 
NOT 130 


F* 


4" and if dimensions. In such case wo should pass 
without question so far as the gauges are concerned, 
plates of the forms shown at cither A or B, where the 
full lines represent the minimum rebate in the slide. 
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On the other hand, suppose that the ledge of the 
rebate is J inch smaller in both directions than, the 
recess. It is required then that the plate should in 
all cases cover the whole of the area of a perfect 
rectangle x 4f" in size* And since it is free to 
take np any position in the rebate, this means that 
the plate itself must not be less than 3^" x 4-J". But 
now suppose we were to attempt to gauge this by a 
complete form “ Not~Go ” gauge similar to the 4" x 5" 
tc Go 59 gauge* Then either the distorted plate (C) 
or the broken plate (D) {Fig. 6) would be accepted 
— clearly an unsatisfactory result* But if we used 
separate “ Not-Go” gauges and 3T 2 to control each 
of these elements independently, both the defective 
plates would quite correctly be rejected. 

The correct types of gauge for use as “ Go 55 and 
cfi Not-Go” in this case are indicated in the figure, 
and if such gauges are used every plate which passes 
the st Go 59 gauge, and refuses the c< Not-Go gauges 
at all points to which they apply, is necessarily 
an entirely satisfactory plate in accordance with the 
specified requirements. The mere application of 
the gauges is a sufficient criterion, and there is no 
need to consider how closely the plate fits the 64 Go ” 
gauge, or to observe it critically for defects in shape. 

The same principle applies in every case where 
limit gauges are used on components in which two 
or more important elements are found in some 
(definite relationship. The <c Go ” gauge must be 
unique, and complete in itself, and the “Not-Go ” 
gauges separate and independent for each element. 
We shall meet another excellent example of the 
principle when discussing the subj ect of screw threads, 
and need not therefore labour the point further here. 

The writer is indebted for the above example to 
Mr. W. Taylor, O.B.E., an acknowledged expert in 
all matters relating to limit gauging. 

§ (22) Industrial Standard Gaug-es. — 
Standard gauges have been authorised for use 
in trade by Orders in Council dated as follows : 

26th August 1881 
Denominations or Standards 
(W hitworth Gauges) 

(1) Whitworth’s External Cylindrical Gauges: 

External Diameters in terms of the inch. 

Fifteen gauges from -§th to 1 inch, increasing 
by sixteenths of an inch. 

Twenty-four gauges from 1-Jth to 4 inches, 
increasing by eighths of an inch. 

Eight gauges from inches to 6 inches, 
increasing by quarters of an inch. 

Nineteen gauges from 0-1 to 1 inch, increasing 
by five one-hundredths of an inch. 

Thirty gauges from 1*1 to 4 inches, increasing 
by tenths of an inch. 

Ten gauges from 4*2 to 6 inches, increasing by 
fifths of an inch. 

(2) Whitworth’s Internal Cylindrical Gauges : 

Internal Diameters in terms of the inch. 

(See (I).) 

(3) Whitworth’s External Plane Gauges : 

Thickness in terms of the inch. 

Ninety-one gauges from 0-01 to 0*1 inch, 
increasing by one-thousandths of an inch. 


14 23rd August 1883 
Denominations of Standards 


(Imperial Wire Gauge) 


Descriptive 

Number, 

Equivalents in 
parts of an Inch. 

Descriptive 

Number. 

Equivalents in 
parts of an Inch. 

No. 

Inch. 

No. 

Inch. 

7/0 

0*500 

23 

0*024 

6/0 

464 

24 

22 

5/0 

432 

25 

20 

4/0 

400 

26 

18 

3/0 

372 

27 

164 

2/0 

348 

28 

148 

0 

324 

29 

136 

1 

300 

30 

124 

2 

276 

31 

116 

3 

252 

32 

108 

4 

232 

33 

100 

5 

212 

34 

0*0092 

6 

192 

35 

84 

7 

176 

36 ' 

76 

8 

160 

37 

68 

9 

144 

38 

60 

10 1 

128 

39 

52 

11 

116 

40 

48 

12 

104 

41 

44 

13 

0*092 

42 

40 

14 

80 

43 

36 

15 

72 

44 

32 

16 

64 

45 

28 

17 

56 

46 

24 

18 

48 

47 

20 

19 

40 

48 

16 

20 

36 

49 

12 

21 

32 

50 

0*0010 

22 

28 




16th July 1914 

Denominations op Standards 
(Birmingham Gauge) 


Descriptive 

Number. 

Equivalents- 
in parts of 
an Inch. 

Descriptive 
Num bar. 

Equivalents 
in parts of 
an Inch* 

No. 

Inch, 

No. 

Inch. 

15/0 B.G. 

1*000 

7 B.G. 

■1764 

14/0 B.G. 

0*9583 

8 B.G. 

*1570 

13/0 B.G. 

•9167 

9 B.G. 

•1308 

12/0 B.G. 

•8750 

10 B.G. 

•1250 

11/0 B.G. 

•8333 

11 B.G* 

*1113 

10/0 B.G. 

•7917 

12 B.G. 

•0991 

9/0 B.G. 

. *750 

13 B.G. 

•0882 

8/0 B.G. 

•7083 

14 B.G. 

*0785 

7/0 B.G. 

•6666 

15 B.G. 

*0699 

6/0 B.G. 

•625 

16 B.G. 

•0625 

5/0 B.G. 

•5883 

17 B.G. 

•0556 

4/0 B.G. 

•5416 

18 B.G. ; 

*0495 

3/0 B.G. 

•500 

19 B.G. j 

*0440 

2/0 B.G. 

•4452 

20 B.G. 1 

•0392 

1/0 B.G. 

*3964 

21 B.G. 

-0349 

1 B.G. 

•3532 

22 B.G. 

*03125 

2 B.G. 

•3147 

23 B.G. 

*02782 

3 B.G, 

*2804 

24 B.G. 

*02476 

4 B.G. 

■250 

25 B.G. 

*02204 

5 B.G. 

•2225 

26 B.G. 

*01961 

6 B.G. 

•1981 

27 B.G. 

-01745 
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DENOMINATION'S OF St AISTDAR DS”<50 Tit inuecZ. 


D eseripti ve 
.N umber. 

Equivalents 
in parts of 
an Inch. 

Doseri ptivo 
Num her. 

Equivalents 
in parts of 
an Inch. 

No. 

I noli. 

No. 

Inch. 

28 B.G. 

•015625 

41 B.G. 

•00343 

29 B.G. 

*0139 

42 B.G. 

•00306 

30 B.G. 

-0123 

43 B.G. 

•00272 

31 B.G. 

-0.110 

44 B.G. 

•00242 

32 B.G. 

•0098 

45 B.G. 

■00215 

33 B.G. 

•0087 

46 B.G. 

■00192 

34 B.G. 

•0077 

47 B.G. 

•00170 

35 B.G. 

•0009 

48 B.G. 

•00152 

36 B.G. 

•0001 

49 B.G. 

•00135 

37 B.G. 

•0054 

50 B.G. 

•00120 

38 B.G. 

•0048 

51 B.G. 

•00107 

39 B.G. 

40 B.G. 

•0043 

•00386 

52 B.G. 

•00095 


VII. Screw Thbeads 

§ (23) An excellent illustration of the prin- 
ciple set forth in § (21) is to be found in the 
theory of screw-thread gauging. 

(L) Definitions. — The reader may be assumed 
to be familiar with, the general characteristics 
of a screw thread, but in entering upon any 
detailed discussion of its properties and possible 
errors it is necessary to make use of certain 
technical nomenclature and definitions, which 
arc thus given in Report No. 84, published 
by the British Engineering Standards Associa- 
tion, 28 Victoria Street, S.W.I. 

Effective Diameter of a Screw. — The effective 
diameter of a perfect screw having a single 
thread is the length of a 
line drawn through the 
axis and at right angles to 
it, tn east trod between, the 
points where the line cuts 
the flanks of the thread 
(Fig. 7). 

Core Diameter. — The core 
diameter is twice the mini- 
mum radius of a screw, 
m eas urod at righ t angles 
to the axis (Fig. 7)4 

Full Diameter* — The full diameter is twice 
the maximum radius of a screw, measured at 
right angles to the axis ( Fig. 7). 

Crest* — The crest is tho prominent part of 
the thread, whether of tho male screw or of 
the female screw (Fig. 8). 

Root* — The root is the bottom of the groove 
of the thread, whether of th.o male screw or 
of the female screw (Fig. 8). 

Flank of Thread . — The flank of the thread 

1 From Fi{/ m 7 It will be seen that the ** core 
diameter ” ot* the male thread to measured between 
the roots of the thread ; it should be borne in 
mind, however, that the “ core dut meter ” of the 
female thread, beinpc approximately the same dimen- 
sion, is measured between the crests of the thread. 


is the straight part of the thread which 
connects the crests and roots (Fig* 8). 

Angle of Thread . — The angle of the thread 
is the angle between the flanks, measured in. 
the axial plane (Fig. 8). 

Pitch . — The pitch is the distance in inches 
or millimetres measured along a line parallel 
to the axis of the 
screw between the 
point where it cuts 
any thread of the 
screw and the point 
at which it next pio. 8. 

meets the corre- 
sponding part of the same thread (Fig* 8). 
The reciprocal of the pitch measures the 
number of turns per inch or millimetre as 
the case may be. 

Idle above definitions have been the subject 
of considerable criticism, and the most appro- 
priate and convenient system of nomenclature 
is still a question of debate. It is probable 
that the official definitions may be revised in 
the near future. But until this is definitely 
decided it is preferable to make use of the 
existing definitions as they stand rather than 
to introduce now certain modifications which 
might appear desirable. Otherwise further 
confusion would he introduced into the 
discussion of a subject already sufficiently 
intricate. It may bo said that in the present 
form tho definitions, in ooimiion with many 
other possible variants* are quite satisfactory so 
long as we are considering perfect threads, but 
that they arc not directly applicable to screws 
in which certain types of error are present. 

It is, in fact, extremely difficult, if not 
impossible, to frame useful definitions which 
will take cognisance of all the possible com- 
binations of error which may occur. What is 
required is a series of definitions of sufficiently 
general applicability to make it possible to 
develop the theory of the imperfect screw 
more completely. But the definitions as they 
stand, with the aid of certain conventions 
referred to later, enable us to deal with the 
more impo rtant oonsiderataons. 

( ii,) Method# of Production .— There are a 
variety of ways in which screw threads can 
bo produced, and accuracy in pitch of screw 
threads, which is the first desideratum, is 
attained by a building-up process, in which 
the errors of a, parent screw arc successively 
diminished by a process either of averaging, 
or of definite correct don, in each successive 
gemmation. The original screw was no doubt 
formed by hand, probably in wood, and its 
errors would be considerable. By embracing 
a number of threads of such a screw in a 
suitable nut, and using it m a lead -screw in 
a primitive lathe, it would be possible to cut 
a screw in which the variations of pitch, 
though probably no less in total magnitude 
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than those of the original, would be much 
less abrupt. And so by gradual evolution a 
screw of reasonably uniform, but still of in- 
correct average pitch would be derived. The 
transition from wood to metal is incidental, 
but by affording a more suitable mechanical 
material enables further progress to be made. 
There is a simple method of correcting gradual 
errors of pitch by the use of a correcting 
cam on a suitable lathe, and so eventu- 
ally we are enabled to prepare a lead screw 
for a lathe, of sufficient accuracy for the 
purpose either of direct screw-thread cutting, 
or of producing other tools used for this 
purpose. For work of the highest accuracy 
— such as the production of screw-thread 
gauges, micrometer movements, or master 
screws for the engines used in ruling diffrac- 
tion gratings — a process of lapping the finished 
screw in a suitable long nut is frequently 
resorted to, in order to eliminate as far as 
possible the last traces of irregularity in pitch. 
This apjflies particularly to hardened steel 
screws, which are liable to distortion in the 
process of hardening. 

It will he found that in the last resort the 
production of an accurate screw by no matter 
what process, comes back almost always to 
the use of a previously formed accurate 
master screw. And it is remarkable that up 
to a comparatively recent date very few 
machine-tool makers appear to have ap- 
preciated this, or to have produced lead screws 
for their tools of anything like a suitable degree 
of accuracy. It would take us too far to 
describe in detail the various methods em- 
ployed in making screw threads, but they 
may he summarised thus : 

Cutting on lathe. 

Cutting with taps and dies, either 
by hand, or in automatic machines, 

Milling, Grinding, 

Rolling, Lapping, 

of which the last two processes apply only 
to hardened screws, and rolling only to very 
small screws (for watchmaking) or to threads 
formed on thin metal — e.g . those on Edison- 
type lamp caps and holders. 

There are, of course, certain types of error 
peculiar to each process, as well as others 
common to several processes. In each case, 
however, it will he seen that the accuracy of 
the product depends directly, either upon 
that of the master screw itself, or upon that 
of tools produced from the master screw. 
Such tools are almost invariably generated 
on a lathe, and to secure accuracy of result 
when cutting screws upon a lathe it is essential 
to use a single-point tool, and not a chaser 
with several teeth. The employment of the 
latter type of tool leads to a conflict between 
the pitch of the teeth of the tool and that of 


the lead screw of the lathe, and since it is 
practically impossible to get the two into 
absolute agreement the result is a compromise, 
and its pitch usually imperfect- Further the 
single-point tool can be more accurately 
produced and controlled, as regards its thread 
form, than can a many-toothed chaser — the 
latter, in fact, has almost of necessity to be 
produced by the agency of the former, and 
is not so susceptible of correction after harden- 
ing, The initial stage in the production of 
accurate screws is, therefore, the genei’ation 
of a simple single-point tool of the form 
shown in. Fig . 9 (a), which can readily be 
done by the aid of a , suitable lapping jig, and 
its form checked on an optical projection 
apparatus (see “ Gauges,” § (64), etc.). This 
tool is used to cut the groove in the thread, 
and also to cut the groove in the cc cresting ” 
tool, Fig . 9 (6), which is then used to form the 
crests of the threads, using care to see that it 



Tig. 9. 


is correctly registered with regard to the groove 
already cut. 

The process just described would be too 
elaborate and expensive for the ordinary 
cutting of screw threads, and is therefore 
employed only in the generation of other 
threading tools. For cutting in a lathe the 
profile of the tool (still of a single thread only) 
should be as shown in Fig . 9 (c), and this 
profile may be produced either* on a straight 
bar cutter, or on a circular type of cutter 
such as Fig . 9 (d), by the process indicated 
in the last paragraph. Such a cutter as Fig. 
9 ( d ) may be employed either on a lathe, or 
in the process of thread-milling, and has given 
excellent results in the latter mode of use. 
It is more usual, however, in the commercial 
milling of screw threads to use a hob with 
a sufficient number of teeth to cover the 
whole length of the screw to be cut, so that 
one revolution of the work is sufficient to 
complete the whole thread- In this case, of 
course, it is the pitch of the hob (cut as before 
by the aid of single-pointed tools), and not 
that of the milling -machine screw, which 
becomes the controlling factor, whereas with 
a tool such as Fig . 9 ( d ) the reverse is the 
case, and the milling machine must be pro- 
vided with a lead screw of accurate pitch. 
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The process of thread milling with a multi- 
threaded hob introduces the possibility of a 
special typo of error not met with in other 
processes, since if the machine is badly ad- 
justed, or if springing of the parts takes 
place, it may happen that the end of the thread, 
after the work has completed its one revolution, 
does not fairly meet the commencement, so 
that there results a series of steps, one on 
every turn of the thread, arranged along a 
line parallel to the axis of the screw. 

In the production of internal screws, if of 
sufficient size, any of the methods already 
described may be employed, but smaller sizes 
are almost always produced by taps, while for 
rougher work on both male and female screws, 
taps and dies are commonly employed. For 
the most accurate work the taps may be pro- 
duced directly by cutting with single-point 
tools upon a lathe, and the dies either directly 
in the same manner, or at one remove by cutting 
with a tap so formed. A complete study of the 
cutting action of taps and dies has yet to be 
made. But it is usually found that owing to 
distortion in hardening, the teeth on the 
different lands do not follow each other 
perfectly, and that as a result of this and of the 
difficulty of effecting satisfactory guidance, 
and possibly also of the nature of the cutting 
edges themselves, taps tend to cut largo and 
dies small, as compared with their own 
measured sizes. Extreme care has to be taken 
in every detail of the work in order to minimise 
this effect when fine results are required. 

When taps and dies are used on automatic 
screwing machines, two alternative procedures 
are possible ; either the tools may be “ float- 
ing ” and allowed to pick up their own pitch, 
or they may be fixed, and the work fed forward 
at a definite rate governed by the screw of the 
machine. In the former case there is the risk 
of a certain amount of variability arising from 
the looseness of control, while in the latter 
there is a contest between the pitch of the 
machine screw and that of the cutting tool, 
leading to a compromise in the result. 

The process of grinding applies only to 
hardened screws, and is essentially similar to 
that of milling with a single-tooth disc cutter, 
which, however, is replaced by a formed 
abrasive wheel, or charged lapping disc. This 
is the only process in which generation from a 
single-point tool is not involved, this operation 
being replaced by that of forming the grinding 
wheel. 

The process of lapping is one not of produc- 
tion but of finishing, employed only for fine 
work, and is designed to e ven out small residual 
errors left by previous operations. The laps 
may be designed to bear on the flanks, on the 
roots, or on the crests of the threads, or on all 
simultaneously, according to requirements. 
They should either be cut directly by means of 


single-point tools, or if this he not possible by 
means of taps so cut. 

In the use of screw-thread gauges, one of the 
greatest difficulties to contend with is that of 
wear, and it is most important, therefore, that 
they should be hardened. But the hardening 
almost invariably introduces some distortion, 
accompanied as a rule by changes in pitch and 
diameter. These changes can be controlled 
within limits by careful attention to the pro- 
perties of the steel employed, and to the exact 
conditions of hardening suited to it. And 
allowance can be made in advance for the 
average change of size to be expected. In the 
case of gauges, since but little reduction of size 
due to wear is sufficient to render them useless 
for their purpose, it is not necessary to have 
them hardened throughout ; in fact, a very 
thin surface of hardened material is sufficient, 
and the difficulty of distortion can be greatly 
minimised by case-hardening, either by the 
ordinary carbonising process, or by the use of 
potassium cyanide. The latter method, how- 
ever, as ordinarily applied, leaves so thin a 
hardened skin that the gauges, if at all heavy, 
are still liable to damage by bruising, and 
consequently for any but very small gauges the 
former method, or a combination of the two 
methods, is to be preferred, by which a 
hardened skin of suff icient thickness to support 
the interior plastic material against bruising is 
obtained. In any case there is usually 
sufficient uncertainty as to the result of the 
process to make it necessary to leave a small 
amount (say a few ten-thousandths of an inch) 
of surplus metal for final removal by lapping. 
When the gauge is finished by grinding* this, 
of course, should not be necessary. It is usual 
in this case to rough out the blank in carbon 
steel, leaving several thousandths of an inch 
of full metal, then to harden throughout, and 
finally grind to size. If, however, there is any 
serious pitch error in the screw before grind- 
ing, there is a tendency for the wheel to follow 
this, by springing elastically, and so to fail to 
remove it entirely. If this is the ca.se, resort 
may still be had to lapping as the final finish- 
ing operation. 

The lapping of a long screw to the very high 
accuracy needed for application to a ruling 
engine for diffraction gratings is a very special 
operation, and reference should be made to the 
descriptions given in papers written on the 
subject . 1 

Taps and dies, of course, also suffer distor- 
tion during hardening, but in this case, except 
for very special work, while care is taken to 
reduce the actual amount of the distortion as 
far ns possible by a satisfactory control of the 
conditions of hardening, no attempt is usually 

1 Howland, article “ Screw,” Mncy. Brit . ; Scobio, 
N.P.h . Collected Rexmrehes , 101.2; Grayson, Proc . 
Boy, Soc. (Victoria), 1917, xxx. 44. 
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made to correct subsequently. In fact it is 
found that the slight irregularities ordinarily 
present tend to facilitate cutting by enabling 
the tools to clear themselves more readily on 
the work, though naturally they are dis- 
advantageous from the point of view of 
accuracy and uniformity of product. 

§ (24) Errobs or Screws. — The brief resume 
of methods of production given in the last 
paragraph will be of assistance in understand- 
ing the following discussion of the nature and 
inter-relation of screw thread errors. The 
screw thread is a complicated geometrical form, 
involving eight independent elements, any one 
of which, either singly or in combination with 
some or all of the others, may be in error. The 
various elements in order of importance are : 
pitch, effective diameter, angles of flanks (two), 
crest diameter, root diameter, form at crest, 
and form at root. The possible combinations 
of error are almost infinite in number. 

(i.) Pitch Error . — This, as will be seen later, 
has greater effect than any other error upon 
the mating of two threads, and is therefore 
considered first. Error in pitch may be of 
three, or possibly four, different kinds as under : 

Progressive error. Drunkenness. 

Periodic error. Irregular error. 

(a) Progressive error is a gradual, but not 
necessarily uniform, divergence of the pitch 
of successive threads on a screw from their 
true nominal pitch. It arises usually from the 
presence of an original error of similar amount 
in the lead screw of the lathe or other tool 
employed to cut the screw, or from a change in 
length during hardening. 

(b) Periodic error is an error which repeats 
itself at regular intervals along the thread, 
successive portions of the length, being alter- 
nately longer and shorter than the mean. The 
most common cause of periodic error is a lack 
of squareness in the abutment of the leading 
screw on the lathe, whereby this screw itself 
is caused to move slightly backwards and 
forwards in the direction of its own length, 
once per revolution (usually corresponding to 
several pitches of the screw being cut). A bent 
lead screw with an Acme thread may produce a 
similar effect in the motion of its nut. Another 
occasional cause of periodic error is faulty 
centring of the various gear wheels on a 
lathe, while yet another cause may be the 
presence of periodic error in the actual leading 
screw itself, with its nut. It may be noticed, 
however, that a perfect screw in a “ periodic ” 
nut, or a ce periodic ” screw in a perfect nut, 
will not reproduce any periodic motion, It is 
only when both lead screw and nut have 
periodic errors that this cause may become 
operative. 

(c) Drunkenness is an error similar to periodic 
error, but repeating once per turn of the thread. 


It may be due to the same causes as periodic 
error, if the pitch of the screw being cut is the 
same as that of the lead screw of the lathe. Or 
it may arise from a defective abutment on the 
headstock spindle, if a “live 5 * centre is used. 

It is the most difficult error of all to detect 
and measure, but fortunately is not often 
present in large amount. 

( d ) Irregular Error . — As the name indicates, 
this has no specific characteristics, and corre- 
spondingly no specific cause. It may bo due 
to a variety of circumstances — for instance, to 
slackness or sticking of the slide rest on the 
bed of the lathe; to faulty cutting, or to an 
actual slipping, of the tool ; or to varying 
hardness in the material causing local changes 
in the depth of cut. It is almost invariably 
associated with error in effective diameter, 
from which indeed it is often difficult to dis- 
tinguish it. 

It should be noted that in any considera- 
tion of the effects of errors in pitch it is the 
maximum relative displacement, measured in a 
direction parallel to the axis of the screw, of 
any two points upon it within the length of 
engagement, as compared with the true nominal 
pitch distance between them, which is of im- 
portance. 

(it) Effective Diametral Error . — Tins ranks 
next in importance to pitch error. A screw to 
he a satisfactory fit in a nut should make 
contact with it upon the flanks of the threads. 
Contact at the crest and root is for most 
purposes of less importance, and in certain 
circumstances may be a positive disadvantage. 
The error in effective diameter (other things 
being equal) is a measure of the possible slack- 
ness of fit. 

When we come to consider any actual case of 
effective diameter error, we are almost sure to 
be confronted with the inadequacy of the 
definition. So long as we are dealing with a 
perfect screw, on which the pairs of opposite 
flanks are all parallel to each other and equally 
spaced, the length of a line intersecting” the 
axis at right angles, and terminated by its 
intersections with the two opposite flanks, is the 
same wherever the line is drawn, and effective 
diameter,” so defined, is a determinate amount. 
But if any error in pitch (other than a uniform 
progressive error) be present, or if the angles of 
the two flanks be not equal, then the length of 
such a line will vary according to tlxe position 
in which it is taken, and the definition, as 
given, ceases to he determina te. 

To gain a definite conception we revert to 
the consideration of the methods by which 
screws are ordinarily made and measured, and 
it becomes of some importance to note that 
in almost all the processes of manufacture 
described it is the groove , rather than the 
ridge , of the thread which is directly' produced 
by the tool, so that if we want oxir measure- 
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ments of errors to throw light on the sources 
whence they are derived it is preferable to 
measure by reference to the grooves, and not 
by reference to the ridges. The usual methods 
of measuring effective diameters and pitch by 
means of small cylinders, or a ball-pointed 
stylus, do actually operate in this manner, and 
in considering an imperfect thread it is usual 
to interpret the term “ effective diameter ” as 
applying to the value measured by means of 
cylinders of “ best ” diameter* — i.e. of such 
diameter as would touch the flanks of a perfect 
thread of the same form and nominal pitch at 
two points distant by one-half the pitch. In 
this form the definition becomes specific, even 
for an imperfect screw;, and we can proceed 
to study the relations of errors in effective 
diameter with those which may exist simul- 
taneously in other elements of the screw. 
The two forms of definition, of course, agree 
in the case of a perfect screw. 

(iii.) Relation of Errors in Effective Diameter 
and Pitch . — It will be noticed that, in the 
simplest process of direct generation of a 
screw thread by means of a single-point tool, 
the effective diameter as defined by measure- 
ment with “best” size cylinders corresponds 
directly to the depth of the groove cut, and is 
entirely independent of the pitch of the thread. 
In other words, as is apparent from Fig . 10, the 



Fig. 10. 


effective diameter measured by cylinders is the 
same whether we consider the full or the dotted 
outline. But it does not agree exactly with 
measurement according to the existing defini- 
tion, except in the case of the perfect thread. 

Thun, if the full outline of Fig. 11 he supposed 
to represent a correct screw, and the dotted outline 
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one of (uniformly) erroneous pitch, but the same 
depth of grooves the effective diameter of the latter, 
according to the original definition, would he 'PI'V 
whereas according to the amended definition it is 
exactly the same as that of the correct screw, ix. 


as PP*. The new definition, therefore, differs from 
the old to the extent represented by PJV Now, 
considering the little triangle X : \QP 2 the distance 
QP 2 represents one-half of the difference in pitch 
per turn of thread between the two screws — d dp 9 
say. And if a be the half angle of the thread, 
P 1 P 2 = QP 2 cot a — lop cot a. It may be remarked 
that for the angles of thread ordinarily employed 
cot a approximates to 2, so that the difference 
between the two definitions amounts roughly to dp . 
And since the error in pitch per turn of thread is not 
usually very large, though the total pitch error in the 
whole length of the screw may he considerable, the 
discrepancy is not likely to be great. It would be 
better, however, if the definition were revised so as 
to eliminate it. 

It is obviously advantageous to have a form 
of definition which corresponds to the mechani- 
cal operations of producing and measuring the 
screw, and keeps the two elements of pitch 
and effective diameter separate, so that the 
meaning of the errors can be interpreted. But 
when we come to considerations of the nature 
of fit to be expected when a screw and nut are 
assembled together, it is no longer possible to 
keep the ideas separate, as errors in either 
element contribute to the result, and interact 
upon each other. For example, suppose the 
full outlines in Fig. 12 to represent two portions 
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of a correct nut, and the dotted outlines two 
corresponding portions of a screw of erroneous 
pitch which is required to fit it. Obviously the 
“ fit ” can only be effected at the two points— 
i.e. at those points where the maximum total 
pitch difference exists between the screw and the 
nut. Let those be the portions represented 
in the diagram. The two threads, as shown, 
have the same effective diameter (according to 
the modified definition), and it is clear that 
before the screw could bo made to enter the 
nut it would have to be reduced by pp t on its 
radius, or by 2 pp t on its diameter. If the 
maximum total error in pitch be dp, pq - § dp, 
and 2ppi — 2pq cot a, or <\E ~~ dp cot a, ho that 
a total error dp in pitch lias to be accompanied 
by a reduction dp cot a in the effective dia- 
meter of a screw (or an increase of similar 
amount in the ease of a nut) before it will 
assemble with a nut (or screw) of correct 
dimensions. 

For the three angles of thread most com- 
monly used wo have the following values of 
cot a ; 


Form of Thread. 

A ttgle 2a. 

Oot 

Whitworth 

r>r.° 

1 *1)21 

U.N.A. or 8.1. . . . 

C>0” 

1-732 

B.A. ..... 


2 «273 
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The effective diameter is frequently spoken 
of as giving a measure of the thickness or thin- 
ness of the threads. But it is to be remarked 
that, on the view we have adopted, of regarding 
the thread for simplicity as a groove cut out by 
a single-pointed tool, if two similar screws be 
cut with equal depth of groove (and therefore 
equal effective diameters), but one long and the 
other short in pitch, then the former will have 
thick threads, and the latter thin ones. But if 
the amount of the pitch error be the same in 
the two cases each will require the same 
reduction in effective diameter to compensate 
for it. 

(iv.) Errors in Angle . — In the argument of 
the last paragraph we confined our attention 
to threads in which the only errors present 
were those of pitch and effective diameter. 
Any error in the angle of a screw thread, or in 
its squareness with the axis of the screw, has 
also to be accompanied hy a reduction (or in 
the case of a nut by an increase) in. effective 
diameter, as measured by means of cylinders 
or spheres at the half depth of the thread, in 
order that assembly may take place with a 
corresponding nut or screw of correct form 

and size. In Fig . 13 
there are shown a 
(full) correct profile, 
and a (dotted) pro- 
file of the same 
effective diameter, 
but incorrect angle. 

It is better, instead 
of speaking of the whole angle of the 

thread, and of its squareness to the axis, 
to consider the half angles on the two 

flanks as the independent variables. And 
it is evident from the diagram that, whether 
the half angle be large or small, the change 
of effective diameter required to secure 

assembly is in the same direction. In other 
words, in order to obtain the total change of 
effective diameter required to provide com- 
pensation for the effects of angle errors, we 
must add the effects of the two half-angle 
errors, taken separately, without regard to 
their signs . The calculation is given in 
Appendix II. of B.E.S.A. Report No. 84, 3 
already referred to, and the result is 



o 2 E: 


h 


sm 


2 a (^ a i "b 6 cc 2 ) ? 


where 5 2 E is the required change of effective 
diameter, h the depth of the thread corre- 
sponding to the straight portion of the flank 
between the points where it blends with the 
root and crest radii, and cicq and 5a a the errors 
(supposed small) of the two half angles, in 
radians. 


1 The notation of Keport 84 differs from that of 
this article. 


Inserting the appropriate constants this 
gives : 

For Whitworth threads — * 

OoE = 0*0105 xp x (5ciq -b da 2 )? 

for U.S.A. and S.X. threads — 

5 2 E= 0*0131 xp x -b 5a 2 ), 

for B.A. threads — 

S 2 E = 0*0091 xpx (Sa t -b 8a a ), 

where p is the pitch and da x , Sa 2 are now 
measured in degrees of angle. 

Of course, other errors less simple than 
those just considered may, and do, occur. Far 
instance, the flanks, instead of being straight, 
may be curved, either concave or convex:, or 
they may be entirely irregular in outline. In 
these cases there is no definite angle error to 
measure, and some other criterion must be 
applied. We shall refer to such alternative 
methods later. 

It must be noticed, also, that the change 
in effective diameter needed to provide for 
error in angle is independent of that required 
to compensate error in pitch, so that if errors 
in both pitch and angle are present together 
the total change of effective diameter required 
is the sum of the changes which would be 
necessitated by the two errors considered 
separately. 

(v. ) Errors in Orest and Root Diameters . - — 
Errors in these diameters are of less importance 
than those in effective diameter, firstly because 
they are not related in the same way to errors 
in other elements, and secondly because, in 
the majority of modern practice, it is now 
usual to provide a definite clearance at the 
roots of all threads, so that a fit between 
crest and root is not expected. The actual 
root diameter, provided the thread is deep 
enough to provide this clearance, is quite 
immaterial, except possibly in the ease of 
threads on thin tubes, where the additional 
loss of material caused by cutting the thread 
especially deep might have an appreciable 
effect upon the strength. The crest diameter, 
however, governs the depth of engagement 
of the threads, and it is therefore necessary to 
see that it is controlled within reasonably close 
limits. But these limits need not ordinarily 
be quite so fine as those on the effective 
diameter, since they are not concerned in 
determining the quality of the fit. 

(vi.) Errors in Form of Crest and Root.— 
There lias been a great deal of controversy as 
to the relative merits of various crest and 
root forms — particularly of the rounded form 
of the Whitworth thread, as compared with 
the flat truncated form of the Sellers. Rut 
apart possibly from the few exceptional eases 
where a fit may be required over the whole 
I surface of the thread, it is clear from the 
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remarks of the last paragraph that the exact 
form of crest or root is relatively unimportant, 
and that considerable variation in form may 
be allowed. It may be said that, owing to 
the natural wear of the tools, the sharp angles 
of the Sellers or the Vee thread are never 
actually produced in practice, and that the 
tendency, particularly on screws of the finer 
pitches, is to approximate to the rounded 
form of the Whitworth or B.A. type. Pro- 
vided the roots are sufficiently cleared to 
ensure interchangeable assembly, this natural 
tendency, with the geometrical limitation 
imposed by the general angle of the thread, 
is sufficient to prevent them becoming so 
deep or sharp as to be a source of weakness, 
while provided the crest, without overlapping 
the nominal boundary, presents a full radius 
and is not pared away at the sides, a sufficient 
bearing surface is obtained on the flank and 
strength is not sacrificed. These two conditions 
represent the only essential restrictions to be 
placed on the possible errors of crest and root 
form, and there is therefore room here for 
compromise between the adherents of the two 
systems. 

* (vii.) Other Miscellaneous Errors . — In addi- 
tion to the various errors already enumer- 
ated, there are a number of others which 
may occur, and which are not specifically 
related to any one element. For instance, in- 
stead of being circular, the cross-section may 
be elliptical, or it may be triangular, or 
pentagonal, in shape. The polygonal form 
arises sometimes in screwed holes cut by taps. 
It can only occur when the taps have an odd 
number of flutes, and the figure lias the same 
number of sides as the tap has flutes. For 
an explanation of the manner in which such 
holes can be produced, reference may he made 
to the Annual Report of the National Physical 
Laboratory for 1919. 

Another error which may be present, 
especially in taps or hardened screws, is that 
the axis, instead of being straight, may be 
bent, with the result that the pitch is different 
when measured along different generating 
lines of the cylinder* which approximately 
encloses the screw, and tins effective diameter, 
as measured at any individual position along 
its length, does not give the usual measure of 
the clearance which may be expected between 
the screw and a perfect nut. 

Yet another type of error is eccentricity 
between the crest diameter and effective 
diameter of the screw. This is more liable 
to occur on flat crested screws, where the 
crests and the grooves are frequently finished 
in separate operations, than with round- 
crested forms, in which the whole profile is 
usually cut with one tool. 

Again the diameters of the screw may vary 
in various ways along its length. It may he 


tapered, barrel-shaped, bell-mouthed, or other- 
wise irregular. And this may apply to the 
thread as a whole, or to one or more of 
the separate diameters independently of the 
others. 

In addition to all these more or less 
systematic types of error, the shape of the 
profile, or the measurements of the various 
elements, may be so irregular, due to imper- 
fections in the tools or conditions of cutting, 
as to he quite incapable of any systematic 
interpretation. 

Finally, the fineness of the surface finish 
has also' an effect upon the quality of fit of a 
screw in its nut. A screw of quite good form 
but with a roughish surface requires more 
clearance for assembly than a highly polished 
hardened screw of equal general accuracy. 

§ (25) Gauging op Screw Threads.— Wg 
are now in a position to consider the applica- 
tion of the principles of gauging to the screw 
thread. 

(i.) “Go” and “ Not -Go ” Ganges. — To 
begin with, the necessary and sufficient con- 
dition of complete interchangeability is that 
every screw should be capable of lying wholly 
within, and every nut wholly without, the 
same perfect theoretical profile, of correct 
nominal dimensions. Honoo the “Go” gauges 
must combine in themselves all the essential 
elements of the thread in their proper mutual 
relationships. In other words, the “ Go ” 
gauges must he, as nearly as it is practicable 
to make them, complete material representa- 
tions of the ideal theoretical common limit 
boundary between screw and nut. The “ Go ” 
gauge for the nut is, of course, a plug, and that 
for the screw a ring. 

The “ Not-Go ” gauges, on the other hand, 
must control tlio individual elements separ- 
ately. For the sake of clearness wo will con- 
sider the gauging of a ring screw by means 
of plug gauges. Mntatis mutandis correspond- 
ing remarks will, of course, apply to the case 
of gauging a male screw by means of ring 
gauges. 

The “Not-Go” gauges which are of the 
most importance are those for effective and 
crest diameter, of which, however, the latter 
is simply a plain cylindrical plug, which serves 
to ensure that there is a full depth of thread, 
and needs no further discussion. 

The “ Not-Go ” gauge for effective diameter 
takes the form of a screwed plug, and the 
discussion of the interrelationships of errors 
given in the last section shows how important 
it is so to limit the action of this gauge that 
it takes cognizance of effective diameter only. 
In the first place it must have a special section 
of thread, such as that shown in Fig. 14, 
designed to hear only on the Hanks of the 
threads for a very short distance near the 
middle of the depth. If it were of full-form 
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profile its indications might "be altogether 
falsified hy its bearing, say, at the root of the 
thread, instead of on the flank, and so 

apparently indi- 
cating a satis- 
factory screw, 
although the 
effective dia- 
meter might 



too large ; or, 
if the bearing 
surface on the flank were more than a 
small proportion of the total depth, then. 
*any error in angle in the screw might cause 
the gauge to take a bearing at either the 
top or the bottom of the flank, instead 
of in the middle, and once more a false 
indication would be obtained. Similarly the 
“Not- Go” effective diameter gauge should 
not comprise more than one or two turns of 
the thread ; otherwise, if the screw had an 
error in pitch, the gauge might enter, but after 
one or two turns might pull up owing to the 
effect of the difference in pitch between it and 
the screw without this being any indication 
that the actual effective diameter of the latter 
was satisfactory. 

But provided the gauge is properly con- 
structed to control effective diameter only, its 
indications, in conjunction with those of the 
€ * Go ” gauge, and a general inspection of 
the appearance of the thread, are sufficient, 
owing to the geometrical relationships exist- 
ing between the various types of error, to place 
definite limits on the possible errors of pitch 
or angle which may be present, without actual 
measurements of these latter being made. It 
is important to understand quite clearly what 
is implied by this statement, and for this 
purpose reference may be made to Fig. 15. 


A — 



Figl 15. 

The thick full outline in this diagram repre- 
sents the theoretical correct profile, and the 
shading indicates the material of the “ G-o 
gauge, which follows this outline exactly. 
Since the cc Go” gauge is assumed to have 
passed through the screw in the nut, it follows 
that the latter lies at all points completely 
outside this boundary. The thin full outline 
represents a screw of perfect form, and of 
such size as to be just acceptable by the 
“Not-Go” effective diameter gauge, which 
is indicated in its proper relative position by 
the heavy dotted outline in the left hand 
thread. Since the <£ JSTot-Go ” gauge does not 
pass, the effective diameter of thread in the 
nut, as measured at the half depth of thready 


can at no point exceed the value corresponding 
to the intersections of the thin full curve with 
the line AB. 1 

It does not follow from this that no point 
on the thread of the nut can be outside the 
thin full curve. If the possibility of irregular 
thread form were admitted there could of 
course be no control except at the points 
actually gauged. But even if the tools are 
known to cut threads of reasonably satisfactory 
form, or if actual inspection of the thread form 
be made (in the case of a nut this would 
involve taking a cast of the thread), and no 
obvious irregularities are observed, we may 
still have the conditions indicated by either 
of the thin dotted outlines in Fig - 15. In 
the first two of these outlines the angle, and 
in the third the pitch, are supposed erroneous, 
and in all three cases it is evident that there 
are portions of the thread which lie outside 
the nominal correct profile by twice as much 
as the thin full outline which represents a 
screw of perfect form but of the maximum 
permitted error in effective diameter. 

The diagram Fig. 15 shows clearly how, if 
the thread form is known to he regular (but 
not necessarily correct) in shape, the applica- 
tion of the full form “ Go ” gauge, together 
with the u KTot-Go ” effective diameter gauge, 
automatically sets limits to the errors of pitch 
and angle which can occur, and so renders 
separate gauging of these elements un- 
necessary. 

The amounts of these limits are directly 
calculable from the formulae of § (24) (iii.) and 
(iv.). In this calculation it is to be observed 
that in either case the full value of the limit is 
only available if the effective diameter is also on 
the extreme limit permissible for it, and that 
the maximum tolerance available for either 
pitch or angle error is, directly proportional to 
the variation of the effective diameter from 
nominal size. Also, the maximum errors in 
" B pitch and angle cannot exist simultaneously. 
The equivalents of these two errors in effect- 
ive diameter measurement are additive , and 
it is the sum of the equivalents of these errors 
which must not exceed the amount by which 
the effective diameter differs from standard ; 
or, to look at the same matter from a slightly 
different standpoint, if either pitch or angle 
separately, or the two of them taken together, 
be in error by amounts whose combined effects 
are equivalent to the total tolerance allowed 
on the effective diameter, then this diameter 
must be on the extreme limit of its tolerance, 
the whole of which has been absorbed by the 
pitch and/or angle errors, leaving no variation 
possible in the effective diameter itself. It is 

1 If the nut should "be barrel-shaped, so that a solid 
gauge, while refusing to enter at either end, might 
yet pass through the middle portion, we must suppose 
this part to be controlled either by some form of 
collapsible gauge, or by direct measurement. 
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only by so much as the combined equivalents 
of the pitch and angle errors fall short of the 
total effective diameter tolerance that any 
variation in this diameter is permissible, and 
the amount of variation which can be accepted 
is the amount of this difference, measured 
always from the limit, towards the standard size. 

(ii.) Envelopes, Zones , Grade , and Play . — -It 
will be seen that the net result of the system 
of gauging just described is to confine the 
whole profile of the thread between two 
boundaries, one of which is the correct nominal 
profile, and the other a similar one separated 
from the first by tivice the amount of the 
effective diameter tolerance. The space 
between two such boundaries is called a 
t£ zone ” of tolerance, and it is convenient 
for many purposes to specify the quality of 
screw threads by means of such zones, rather 
than by separate tolerances on the individual 
elements. The latter procedure involves 
measuring the elements independently, and 
computing the interactions of the various 
errors upon each other, and cannot readily 
be extended to deal with any but the simpler 
types of error ; while the former has the 
advantage of assigning in one operation a 
limit to the combined effects of all errors, of 
whatever type, and is particularly adapted to 
the method of examining screw threads by 
the optical projection system developed for 
this purpose during the war of 1914-18. In 
this method the image of the thread magnified 
50 or 100 times is projected on to a screen, on 
which the limits of the zone of tolerance arc 
indicated. (See “ Gauges,” §§ (64)-(70)*) It is 
at once possible to see whether or not the 
profile can be made to fall at all points within 
the zone. 

In the theoretical discussion of this method 
of gauging, Major P. Bishop introduced the 
use of the terms “ Grade ” and u Play,” and 
the present writer finds it convenient to em- 
ploy the word “ Envelope/’ in the following 
sense : 

Regarding the surface of a screw thread as 
a simple geometrical figure, dissociated from 
the material of which the screw is actually 
made, the major envelope of the thread is the 
geometrical surface of the minimum nut of 
perfect pitch and thread form into which this 
figure will screw, and the ’minor envelope is 
the geometrical surface of the maximum screw 
of perfect form and pitch which will screw 
into it. If the screw considered is defective, 
it will not always happen that the major and 
minor envelopes are similarly situated about 
a common axis, but this does not affect the 
argument. In fact it is one of the advantages 
of the suggestion that it enables such eases 
to be brought into the general treatment. It 
will bo noted that the major envelope of a 
screw, and the minor envelope of a nut, lie 


entirely in air, while the minor envelope of 
the screw, and the major envelope of the nut, 
lie entirely within the material from which 
they are made. The necessary and sufficient 
condition for complete interchangeability is 
that the major envelopes of all screws should 
be not larger and the minor envelopes of all 
corresponding screwed holes not smaller than 
the nominal size of the thread. Making use 
of this idea we can then define Grade and 
Play as follows ; 

Grade is the difference between the nominal 
diameter of the thread, and that of the minor 
envelope of a screw (or major envelope of a 
nut). 

Play is the difference between the nominal 
diameter of the thread and that of the major 
envelope of a screw (or minor envelope of 
a nut). 

It is obvious that the smaller the play the 
better the lit that is to be expected with a 
perfect mating screw, while the smaller the 
difference between grade and play the more 
correct must be the form of the thread. For 
grade and play to be equal, the form would 
need to be perfect. Ry placing limits on the 
amounts of grade and play, the permissible 
tolerances on the screw can be defined in a 
form which enables them to be readily con- 
trolled by the optical method of gauging. 

ft can readily be seen also, if we limit the con- 
sideration to the three principal types of error, that if 
P be the play, G the grade, <5 0 E the actual error in 
effective diameter, and <hE, o 2 E the equivalents 
in effective diameter of the errors in pitch and angle, 
then 

G-aoE + ff^ + ajE, 

F-SoE-SiE-SJE, 
or «oE-i(GH-n 

axE+ajE-KO-P). 

A convenient graphical method devised by Major 
Bishop for converting pitch, angle, and effective 
diameter errors into Grade and Play is described in 
B.E.S.A* Report No. 84, Appendix IL 

If wo revert now for a moment to the system of 
gauging with “Go” and “ Not-Go ” gauges, and 
suppose that we have a ease where $ 0 E and 5 X E -|* $ 2 E 
are both as great as possible, we know that in this 
ease wo must have 8 t E -|~ d a E «= <$ 0 E, so that 

Gju^x. =25 0 E mux. 

If, on the other hand, wo consider a ease where 
<5 0 E is as groat as possible, but 5 X K and & a E both zero, 
we got 

Pmiwt. ^ ^oEnmx. JGmax. 

Provided therefore wo choose the limits of G and P 
in accordance with those relationships, the system 
of gauging optically in terms of Grade and Play will 
give results consistent with those obtained by 
mechanical gauging by moans of “Go” and “Not- 
Go ” gauges. 

2 B 
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§ (26) Tolerances on Screw Threads, — 

In laying down a system of tolerances for 
B.S.F, screw threads the British Engineering 
Standards Association (Report No. 84) has 
adopted the two methods of ganging above 
described, as alternatives, with the relations 
just indicated between the various limits. The 
tolerances throughout this report are based 
on a “unit” of tolerance equal to 0-01 dp 
inches, it having been found, as the result 
of investigation of a considerable mass of 
available data, that this form of law gave a 
satisfactory basis for screws of ordinary sizes 
and proportions. For screws of ordinary 
quality two such units of tolerance are allowed 
on effective diameter, three on crest diameters, 
and four on root diameters. The wider 
tolerances permitted on crest and root dia- 
meters correspond to an assumption that 
clearance will be provided at the bottoms 
of the threads. Consequently, the tolerances 
at root and crest are not considered in 
deciding those on grade and play, which 
are, therefore, in accordance with the formulae 
of the last section, 4 units and 2 units 
respectively. 

A series of tolerances for <e close fits ” is 
also laid down of half the above amounts in 
each case. Further, for hoth ordinary and 
close fits a minimum “ allowance ” of 0"-002 
is specified, the maximum bolt being of 
nominal size, and the minimum nut this 
amount larger throughout. It is not im- 
probable that this last feature of the specifica- 
tion may be subj ect to amendment. 

Tolerances on similar lines, but without 
the provision for close fits, have also been 
laid down (Report CL. 7270) for B.S.W. 
threads. Report No. 21, dealing with B.S.P. 
threads, is in course of revision, and when re- 
issued will probably show tolerances of the 
same kind, at any rate, on the smaller sizes, 
say up to 2-in. pipe. For screw threads of 
relatively fine pitch on large diameters, such 
as the larger sizes of pipe thread, it is possible 
that the formulae may have to be modified 
in the sense of taking the diameter as well 
as the pitch (or size of the thread) into con- 
sideration. Evidence on this point is not yet 
complete. 

In dealing with the small B.A. screws 
(Report CLL. 7271) the Association has also 
deviated from the dp law of tolerance. 

For the actual limits of tolerance on the various 
types and sizes of screws reference must be made 
to the Reports mentioned. It may, however, be 
desirable to point out here one important difficulty 
which, owing to the very nature of the screw 
thread, is inherent in all attempts to control 
the interchangeability and the accuracy of fit 
of screws by specifying tolerances on the various 
elements. 

Suppose limits are laid down, with due regard to 


the accuracy actually attainable in manufacture, for 
the maximum errors to be permitted in pitch and angle. 
Then it is necessary to allow on effective diameter 
a tolerance equal to the sum of the equivalents of 
these two limits phis a certain amount for inevitable 
variations in the actual depth of cut. But it may 
happen that in a certain number of screws the errors 
in pitch and angle are not present, and in such cases, 
if the effective diameter be on the extreme limit 
allowed, the play, and consequently the looseness 
of the fit when the screw is assembled, may be 
considerable. On the other hand, cases may also 
arise in which, owing to the presence of pitch and/or 
angle error, the play is zero, though the effective 
diameter is near or on the limit of tolerance. In 
such a ease there would be no shake if the piece were 
mated with a perfect part, but if it should chance to 
be mated with a part having errors of the same 
nature and amount as its own, the shake might bo 
as great as if both effective diameters were on their 
respective limits of tolerance, and no other errors 
were present. 

The problem is thus, owing to the interplay of 
the various elements, an extremely difficult one, 
and it is easily seen how necessary it is, , for good 
work, to keep the individual tolerances small, and at 
the same time how difficult it is from the manu- 
facturing point of view to secure that all the elements 
are brought simultaneously within tlieir respective 
tolerances. 

§ (27) Tolerances on Screw Gauges. — 
The tolerances considered permissible on 
screw gauges of various kinds are set out in 
detail in the Test Pamphlet issued by the 
Metrology Department of the National Physical 
Laboratory. 

It may be noticed in the first place that the 
tolerances on screwed work are usually so 
small that the gauges for it have to be of 
extreme accuracy ; ordinary workshop and 
inspection gauges of average size being allowed 
only (T-0006 in diameter, and reference, 
check, and master gauges but half this 
amount. The signs of the tolerances are 
arranged in accordance with the scheme 
given in § (18). 

The same rules apply to the relationships 
of the tolerances on the various elements of 
the gauges as to those on the work, and when 
it is considered that an error of only O"-OG015 
in pitch, or (in the case, say, of a 10 t.p.i. 
screw) of only 10' of arc in the half-angle 
of each flank, is sufficient to absorb the whole 
of a tolerance of 0*0003 in effective diameter, 
and that the actual effective diameter error 
and the effective diameter equivalents of the 
errors in both pitch and angle have all to be 
included within this very small amount, it 
will readily be realised how difficult is the 
production of gauges to the required degree 
of accuracy. And it must be realised, also, 
that the grade of gauges tested under this 
system will be (K'-OOIB for inspection or work- 
shop gauges, or Cy-0006 for reference, check, 
or master gauges, although the corresponding 
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effective diameter tolerances are only O^-OOOG 
and (T-OOOS respectively. 

Slightly finer tolerances are possible in the 
case of ct Not-Go ,5 effective diameter gauges, 
in which the clearing of all but a small portion 
of the flank, and the limitation to only one 
or two turns of thixs&d, make errors in pitch 
or angle of relatively small influence. But in 
the case of the full form “ Go ” gauges an 
accuracy of O' 7 -0003 on effective diameter may 
be said to represent the practical limit of 
present-day manufacturing processes. It is 
for this reason that check gauges, instead of 
being, as they ought, of a sensibly higher order 
of accuracy than the workshop or inspection 
gauges they serve to control, are only twice 
as accurate, while master gauges, which 
should be more accurate still, have only the 
same order of accuracy as the cheek gauges. 
The result of this limitation is to make the 
verification of check gauges, and even of 
workshop and inspection gauges, a matter 
demanding considerable skill, experience, and 
discretion. 

And in the use of plug screw master gauges for 
verifying ring screw check gauges (the only purpose 
for which such masters arc employed) a compromise 
has to be made as to the distribution of the tolerance. 
The ring check will he used for testing workshop 
or inspection plug screw gauges — it should, therefore, 
be no smaller in size than the upper limit of the 
gauges it is to control, or some of the gauges may 
be unfairly rejected. On the other hand, it should 
not be made deliberately larger than this limit, 
or oversize gauges will be passed, and these in their 
turn would reject work which ought to be accepted. 
If we could make the master gauge one stage more 
accurate than the check (as theoretically we ought 
to do) we should have no difficulty in testing the check 
on a proper basis. But since the accuracy of the 
master can only be the same as that of the check wo 
are on the horns of a dilemma. If wo make the 
tolerance on the master positive, then if the master 
bo on its upper limit, the cheek will be forced to be 
not less than 0**0003 large, and may pass gauges 
large to this extent. If, on the other hand, we make 
the tolerance oil the master negative, then, if the 
master be on the low limit the check may be passed 
0"*0003 small, and in this ease will reject all gauges 
which arc not small by at least this amount — i.e. 
by one half their nominal tolerance. In the result 
it is found best to divide the tolerance on the master 
symmetrically, making it ± 0**00015 — thus aiming 
at getting the master as near correct size as possible, 
and trusting that the clearances between it and the 
check, and between the check and the gauges will 
bo sufficient to prevent either gauges or work from 
being unduly penalised. 

It may be mentioned that since plug screw 
gauges can readily bo verified by direct 
measurement, it is not usual to provide ring 
screw checks except where large numbers of 
gauges of the same type have to be verified, 
or where in addition to the screw proper there 
is a collar or some other feature on the gauge, 


whose concentricity or other relationships 
with the thread need also to be controlled. 
The master gauge difficulty, therefore, arises 
only in certain more or less exceptional 
cases. 

In the verification of ring screw gauges, 
however, methods of direct measurement have 
only recently been devised, and are in any 
case much less simple and rapid than the 
corresponding methods of measuring plug 
screws. The standard method of control for 
ring gauges is, therefore, by means of check 
plugs, a full form “ Go ” screw plug, a cc Not- 
Go ” effective diameter plug, and a “ Not-Go 55 
plain plug for cor© diameter. The use of these 
three plugs, coupled with optical inspection 
of a plaster east of the thread form in the 
ring, is sufficient to control all elements in 
the xing screw completely, in precisely the 
same manner as is described in § (25) for thf 
work. 

It must be noticed that the full form “ Go ” 
gauges, whether inspection or check, must 
be correct in every feature, since they are the 
physical representations of the nominal 
boundary which the work or gauge they are 
destined to control must in no case overlap. 
There is, strictly speaking, no licence on 
the crest and root diameters of gauges for 
wider tolerances, such as are permissible for 
the work. For although a clearance is ex- 
pected on the work at the root of the thread, 
there is no guarantee that it is there, unless 
the gauge, being suitably constructed, in- 
dicates that it is so. And for this purpose 
the gauge must be complete and up to size 
at all points. In practice, however, it is 
found difficult, owing to the rate of wear of 
the tools used in producing the gauges being 
more rapid at their points than elsewhere, 
to keep the diameter at the root of the thread 
of the gauge within very narrow limits, and 
it is, therefore, customary to allow a slightly 
wider tolerance on this element), and to supple- 
ment the full form 11 fi Go ” gauge by a plain 
cylindrical “ Go ” gauge for crest diameter 
only. This practice is not in accordance 
with the strict theory of gauging, but, 
owing to the fact that a clearance is aimed 
at in the work, is not found unsatisfactory 
in operation. 

VIII. Cylindrical Fits 

§ (28). — The question of the standardisation 
of tolerances on cylindrical parts for various 
classes of fit is one obviously of great import- 
ance to the engineer, and has received con- 
siderable attention both in England and 
abroad. Interchangeability of such parts in 
the bulk production of machinery is of the 
highest economic value to the manufacturer, 
while the ability to purchase spares which can 
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be relied on to function properly without the 
need for special fitting is an inestimable boon 
to the user. The subject, however, is beset 
with, difficulties of many kinds, and it cannot 
be said that a. final and satisfactory conclu- 
sion has yet been arrived at in any country. 
The original Report of the B.E.S.A. on 
Standard Systems of Limit Gauges for Run- 
ning Fits (No. 27, 1906) has not proved 
acceptable in practice, and is now in course 
of revision. 

Tn order to discuss the subject properly we 
need to define a fairly ample vocabulary of 
special terms. Some of these have only 
recently come into use. Others have been 
generally employed for a considerable time, 
but often the same word is used by different 
persons to connote somewhat different ideas, 
with the result that a great deal of con- 
fusion is apt to enter into arguments on the 
subject. 

§ (29) DEFINITION'S OF TEEMS EMPLOYED. 

In the present article the various terms 
employed are used with the significance ex- 
plained below : 

(i.) Types of Work, (a) “Class 33 of Fit . — 
Used to distinguish between different types 
of work, according to function — i.e. running, 
push, force, fits, etc. — without regard to 
accuracy or quality of workmanship. 

(6) ‘‘Grade 53 of Work. — Used to distinguish 
between work made to varying degrees of 
accuracy in size. In particular, if a certain 
tolerance on work of a certain size is described 
as Grade I, then work of the same nominal 
size but with twice the tolerance will be 
Grade 2 ; if with half the tolerance it is 
Grade 1 /2. 

(c) “Quality” of Work - — Distinguishes the 
nature of finish — e.g. whether hard or soft, 
machined, ground, lapped, etc., with the 
degree of perfection attained in any of these 
processes, apart from accuracy of size. 

(ii.) General Classification of Fits. (a) 
Clearance Fits . — Fits in which the maximum 
dimension tolerated on the shaft does not 
exceed the minimum dimension tolerated on 
the hole. 

(6) Interference Fits . — Fits in which the 
minimum dimension tolerated on the shaft is 
not less than the maximum dimension tolerated 
on the hole. 

(c) Tmrisition Fits . — Comprising all cases 
intermediate between (a) and (6), in which 
it is possible according to the particular sizes 
assumed by the shaft and hole (both within 
the tolerances prescribed, for them) for either 
a clearance or an interference fit to be pro- 
duced. 

(d) Allowance . — The minimum clearance 
permissible in any class of clearance fit. 

(e) Obstruction . — The minimum interference 
permissible in any class of interference fit. 


(hi.) Specific Classes of Fit.- 


(а) 

( б ) 

(c) 

(d) 

(«) 


(f) 


Easy running. 

Normal running. 

Close running. 

Sliding. * V Clearance. 

Light push, or spigot. 

(Maximum shaft = mini 
mum hole.) j 

Push. h 

Maximum shaft inter- 
mediate between maxi- 
mum and minimum, 
holes : minimum shaft 
not greater than mini- 
mum hole. 

Light keying. 

Shaft tolerance comprised 
entirely within limits 
for hole tolerance. 

Keying. 

Minimum shaft inter- 
mediate between maxi- 
mum and minimum 
holes : maximum shaft 
not less than maxi- 
mum hole. ) 

Light driving. 

(Minimum shaft — maxi 
mum hole.) 

( k ) Driving. 

( l ) Force. 

(m) Shrink. 


(</) 


(A) 


(j) 


Transition. 


-1 


Interference. 


In cases (a), (6), (c), (d), there is a definite 
“ allowance ” between the maximum shaft 
and the minimum hole. In cases (7c) 7 (Z), and 
(m) there is a definite overlap, or “ obstruc- 
tion” between the minimum shaft and the 
maximum hole. In cases (e) and (j) the 
allowance and obstruction are respectively 
zero. 

In the case of' transition fits the terms 
cc allowance 53 and cc obstruction 53 are without 
material significance. 

It must be understood that the use of the 
terms denoting the various classes of fit in 
the manner given above is intended primarily 
to give precise geometrical significations to a 
number of expressions at present somewhat 
vaguely employed, and not as a specific 
assertion that such distribution of tolerance 
is the most appropriate for the terms defined. 
Many engineers may disagree with the classi- 
fication, as regards the transition fits, but it 
has to be remembered that in transition fits 
of any kind the whole tolerances must of 
necessity be extremely small, or the desired 
results cannot be attained. It may even be 
doubted whether the production of inter- 
changeable work of this class is generally 
practicable. Assuming, however, that the 
tolerances can be kept sufficiently small for 
this purpose, the above classification will be 
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found to correspond reasonably well with 
ordinary practice. 

Some other definitions will be required in 
the course of the discussion* but these may 
more conveniently be left to be dealt with as 
they arise. 

§ (30) General Principles, (i.) Shaft and 
Hole Bases . — -The first point which needs to be 
settled in formulating a series of tolerances 
for cylindrical fits is whether the shaft* or 
the hole, is to be taken as the basis — i.e. as 
the member which shall, as nearly as possible, 
remain invariable, while the different classes 
of fit are secured by varying the dimensions 
of the other. In the original report of the 
B.E.S.A. referred to above, a shaft basis was 
adopted, partly for the reason that in manu- 
facture it is more easy to produce shafts than 
holes true to a prescribed dimension, but 
more particularly because in certain cases it 
is necessary to make a number of fits of differ- 
ing classes on a single parallel shaft, a circum- 
stance which does not apply to the hole. 
Modem improvements in methods of pro- 
duction have* however, very considerably 
minimised the importance of the first reason, 
while in practice it is found that in general 
work questions of the cost of upkeep of tools* 
such as drills, reamers, and broaches, and of 
the necessary gauges, for a large variety of 
holes, far outweigh the advantages gained in 
a limited number of cases from the second. 
It is no doubt as a result of this that the 
B.E.S.A. report has remained so largely a 
dead letter. It is impossible always to work 
on a hole basis. In certain cases, e.g. mill- 
wrighting, the shaft basis is essential, but for 
the .majority of work the hole basis is to be 
preferred. The B.E.S.A. Committee, in re- 
considering their proposals, have now agreed 
to the adoption of the hole basis as standard, 
with the facultative use of an alternative shaft 
basis for special requirements. The same 
course has been adopted in two recent reports 
issued by the corresponding Swiss and German 
Associations. 

(ii.) Unilateral and Bilateral Tolerances . — 
Whether shaft or hole bo taken as basis, it is 
natural to make the invariable member true 
to nominal size, though, provided the differ- 
ences between shaft and hole for the various 
classes of fit are suitably maintained, it is, 
strictly speaking, immaterial whether the 
invariable member be nominal size or not. 
But errors of workmanship have to be pro- 
vided for, and the invariable member cannot 
be made exactly nominal size. And concern- 
ing the proper distribution of the necessary 
tolerance on this member there is a very 
marked cleavage of opinion. According to 
one school of thought the aim should be to 
get the majority of the work as close to nominal 
size as possible, with the average, if possible. 


correct. As a consequence they advocate 
distributing the tolerance partly on one side, 
and partly on the other side, of the nominal. 
Such a distribution is termed 46 bilateral 
The division of the tolerance may be either 
equal or unequal. In the Newall system of 
limits, which has considerable vogue in Great 
Britain, owing to the fact that gauges adapted 
to it have been commercially obtainable, the 
division is asymmetrical. An asymmetrical 
system may be advocated partly for reasons 
connected with the wear of tools and 
gauges. But the principal reason usually 
brought forward by those who favour it is 
that in practice the woi'k tends to cling to the 
44 Go ” gauge, so that the average product, 
which they desire to see of nominal-dimensions, 
does not fall on the mean of the two limits. In 
reply to this it can be said that if it be the 
case, then either 

(a) The tolerances are unnecessarily wide, 
so that the workman has no difficulty in 
stopping his operations at a point after the 
4C Go 55 gauge passes, but still a long way 
before the 44 Not-Go ” gauge would pass ; or 

( b ) He does not understand the first prin- 
ciple of the limit-gauge system, and is wasting 
his time through an instinct inherited from 
the procedure adopted for use with a single 
gauge, which makes him try to get his work 
only just to pass the 44 Go 97 gauge, whereas 
his object should be merely to get it between 
the gauges. 

The other school of thought maintains that 
the nominal size should be, not an average on 
either side of which individual pieces of work 
may lie, but a limit such that (in the case of 
clearance fits) no hole shall lie below it, and 
no shaft above it. All the tolerance on the 
invariable member, therefore, must lie on one 
side of the nominal- — positive if the hole basis 
be chosen, negative for the shaft basis. This is 
termed the unilateral system. 

It may be said at once that while there is 
no conclusive argument in favour of either the 
unilateral or the hi lateral system, on first 
principles the unilateral system is to bo pre- 
ferred. In the ease of a large majority of fits 
the nominal dimension becomes the boundary 
between the hole and the shaft. The two 
schools of thought are, however, pretty 
evenly divided, and as a result the ulti- 
mate decision can only be that of a 
majority, and in consequence, to some extent, 
arbitrary. 

The principal arguments adduced in favour 
of the bilateral system are as follows : 

(а) That it brings the average work as near 
as possible to nominal size. 

(б) That it is advantageous as regards life 
of tools. 

(r) That existing standard products, a.g. 
bail-races, are made on this basis, and that it is 
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desirable to maintain interchangeability with 
these* 

( d ) That many of the firms who at present 
use limit gauges already employ the system 
and have to be prepared to supply spare parts 
for products of existing types ; and that it 
would he extremely costly to change all their 
tools and gauges to suit a new system. 

With regard to these arguments it may be 
said in turn : 

(а) There is no intrinsic virtue in the 
nominal size. Provided the allowances and 
tolerances were kept the same, an alteration 
of a few thousandths of an inch in the 
nominal size could have no effect on the 
functioning. This, therefore, is purely a 
sentimental argument. The point which does 
arise is this. What are the relative merits of 
a system, in which the same average size is main- 
tained, for all holes, whatever their grade (i.e. 
for all different tolerances), as against one in 
which the average size of the hole varies with 
the tolerance, hut no hole is smaller than some 
constant fixed limit ? The objection, to the 
former, in the case of clearance fits (winch 
form by far the largest number to he dealt j 
with), is that the lower limit for the hole is less 
for a low-grade hole than for a high-grade one, 
so that a low-grade hole may give a less allow- 
ance than a high-grade one, when paired with 
shafts of the same class. A corresponding 
objection applies to the unilateral hole in the 
case of interference fits, but this is of less 
importance, as the number of cases to be dealt 
with is smaller, and interchangeability is not 
so necessary in this class of work. 

(б) This argument depends largely on the 
fact that at present reamers, etc., are supplied 
commercially adjusted as close as possible to 
nominal size. If the unilateral system were 
adopted such tools would have to be made 
initially above nominal size, and it would be the 
worn and readjusted reamer that would have 
to be used for the highest grade holes, whereas 
on the bilateral system the worn reamer serves 
for the lower grades. But the maximum 
possible life for a fixed reamer is secured in 
either case by making it initially on the upper 
limit for the lowest grade hole. Then as it 
wears it becomes, on the bilateral system, 
suited first for the higher grades, and subse- 
quently on further wear is once more suited 
only for the lower grades, at the other end of 
their tolerance. On the unilateral system 
it is at the end of the life of the tool that 
it becomes suitable for the highest grade 
work, hut the total life depends simply on 
the total tolerance for the coarsest hole, and 
is the same in either case. If adjustable 
reamers are employed the argument ceases to 
have weight. 

(c) The answer to this argument is simply 
that if a new standard were universally 


adopted makers of such products would fall 
into line. 

( d ) With regard to this, there are probably 
an eq^ual number of firms at present pledged to 
the unilateral system, and their difficulties 
would be equally great if the bilateral systems 
were adopted as standard. There are also, 
however, a great number of firms still working 
on the old Whitworth system, to “ standard” 
gauges. And it is evident that it would be a 
great convenience to such firms in adopting a 
new cc limit 55 system, if the low or 6C Go ” 
limit for the hole remained nominal size in all 
cases, as it is their present practice to make it. 

As remarked before, none of these align- 
ments is conclusive, in either direction. It is 
generally agreed that a universal standard, if 
it could be adopted, would be of immense 
benefit to the industry. And the desideratum, 
of course, is the greatest good of the greatest 
number. In this sense the general trend of the 
arguments seems to favour slightly the uni- 
lateral system, and this system has so far 
received approval by a small majority at all 
meetings of the B.E.S.A. Committees which 
have been dealing with the matter. It has 
also been adopted in the reports of the Swiss 
and German associations already referred to. 

It is of course necessary to find some means 
of bridging over the transition period as easily 
as possible in the ease of firms at present using 
the bilateral system. To this end it has been 
proposed to adopt a system of shaft tolerances 
giving rise to a series of shafts which, by suit- 
able choice, should be, as far as possible, 
suitable for use with holes produced on either 
system, and to recommend the definite and 
immediate adoption of this series of shafts as 
standard, coupled with the recommendation 
, that for all new designs the unilateral holes 
should be adopted also. 

§ (31) Systems of Limits, (i.) Laws of 
Tolerance and Allowance . — The different types 
of law governing the relation of tolerance to 
diameter for different classes of work may all 
be comprised in a single formula of the general 
character 

T = a 4- 6 \/D 4- cD, 

where T is the tolerance, D is the nominal 
diameter, and a, b , and c are constants suited 
to the grade and class of work conceived, any 
one or more of which, in particular cases, may 
be zero. 

In the original report of the B.E.S.A., which 
dealt with clearance fits only, the law adopted 
was 

T = 

simply. The reason for the adoption of this 
formula was mainly empirical, based on actual 
measurements of a large number of samples of 
work of all kinds, which were carried out by 
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Mr. S. W. Attwell of the National Physical 
Laboratory. At the time that those measure- 
ments were made limit systems were not much 
in vogue, and since they were made methods of 
production have been very considerably im- 
proved, particularly owing to the development 
of grinding machinery. It does not follow, 
therefore, that the conclusions arrived at are 
necessarily suited to work produced under a 
limit system, or under modem conditions. 
None the less, all evidence seems to show that 
for clearance fits, at any rate this type of law 
is well suited both for tolerances and allow- 
ances, and it has been generally adopted in 
most of the systems proposed. 

An alternative proposal is to take merely a 
series of constant tolerances (T = a) and to 
make these applicable to all sizes, choosing for 
any particular size the tolerance appropriate 
to the particular class of fit desired. It may 
be doubted, however, if a scheme of this 
nature is sufficiently elastic to be adaptable for 
all varieties of work. 

For interference fits, the law for obstruction 
should theoretically be cD simply, if the 
material is to be stressed to the same fraction 
of its elastic limit in cases of similar geometrical 
proportions but varying sizes. The cases 
which arise vary so much, however, in respect 
both of materials employed and of ratios 
of length and thickness to diameter, that it 
is almost impossible to lay down any series 
of values for the constant c which would bo 
likely to cover all cases. The practice in 
different works, and for different purposes, 
varies between the extreme limits of the 
formulae T = <t and T - c l). Since in this 
class of lit subsequent separation and re- 
assembly of the parts is rarely likely to . he 
required, iiitorchangoability is much less im- 
portant than is the case with clearance fits, to 
which in the rest of this discussion we shall 
mostly coniine our attention. 

Before leaving the matter, however, we may 
remark that a great simplification of the 
system is effected in practice if the laws for 
tolerance and allowance are the same, since in 
tins case, and only in this case, we are able 
to make the consecutive limit lines of the 
system servo as common boundaries between 
shafts corresponding to two consecutive classes 
of work. In the ease of interference fits a 
tolerance of the form T = cl> leads either to 
unnecessarily largo tolerances on the bigger 
diameters, or to inconveniently small, ones on 
small diameters, and there is no reason in the 
nature of the processes of manufacture why 
the tolerance should be different for interference 
and for clearance fits. Consequently the n/D 
law appears the most suitable general law for 
tolerances, but if this bo adopted in conjunc- 
tion with a cD law of obstruction for interfer- 
ence fits the limit lines in this class cannot 


form common boundaries between the con- 
secutive grades. This constitutes another 
difficulty in formulating a system of limits 
for interference fits. 

(ii.) Step Systems. — The direct application of 
a mathematical law such as T — b sj L) to the 
formation of a series of tolerances for practical 
use is not convenient, as it involves reference 
either to a chart or to tables of unwieldy 
proportions. It is customary, therefore, to 
approximate to the smooth curve given by the 
theoretical formula by means of a series of 
steps, the tolerance remaining constant over 
a certain range of sizes, then increasing by 
some finite amount, remaining constant over 
a further range of sizes, increasing again, and 
so on. The word “ range ” is used to denote 
any group of sizes over which the tolerance 
remains constant, and the amounts by which 
the limits change in passing from one range to 
the next are termed “ steps.” 

In a chart such as that suggested in Fig. 16, 
each of the stepped lines is known as a limit 

line, and the 

tolerance per- S| l FT | ~IZ. ' 

mitted on work | — * : 

of a particular - ZZZZZZZZZZZZZ 

size and class | 

lies between In — ~'“*'ZZZZZZZZZ'""Z 0 

limits given by 0 Z. IZZ_ 

the ’ t w o ap - — * — ~j - - - — — — 

propriate lines “ “ ” 

for the size in k'lu. 10. 

question. It is 

not essential that all the steps along any 
one limit lino should be equal ; for the 
larger sizes, where the whole tolerances are 
larger, greater stops and longer ranges are 
permissible. The maintenance of uniform 
steps along any one limit line leads, however, 
to a convenient simplification in practice, for, 
as Mr. Hedley Thompson has pointed out, if 
the steps are equal, then, for the n/D law, the 
lengths of the ranges form a simple arithmetical 
progression. 

This may be proved, simply as follows. 
Suppose we have a parabola, y — a -l- b *Jx (Fig. 
17), and let us consider a series of ranges. 



starting at the origin, and of lengths given by 
the successive terms of the arithmetical pro- 
gression, .v, 2 s y . . . ns, . . . 

Then the sum of the 1st n ranges { n(n *4- 1 )/2 } e 9 
and the sum of the 1st (n 1) ranges*- |<w~ l)n/2}$< 
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Whence D n , tlie mea.il diameter of the nth range, is 

The ordinate at this point is 
y n =c» •+-& \f 



and the difference between the nth and (n— l)th of 
such ordinates is constant and equal to b s/2. 

Putting r for b \Js/2 and k~a/r 9 we may then re- 
write the tolerance (or allowance) on the ?vbh range 



=r x(kxn) simply. 

The factor r has been called by Mr. Thompson 
the 16 range factor”; n is the 4 6 range num- 
ber ” ; and (Jfe + w) is known as the “size 
multiplier.” 

It will be noticed that for a strictly parabolic 
law, a, and therefore k P are zero. And if we 
had to deal with a range of sizes extending 
right down to nothing, we should have no 
option hut to keep them so. It is generally 
felt, however, that for the smallest sizes 
commonly met with in practice the pure 
parabolic law tends to give tolerances incon- 
veniently small, and the addition, of the small 
constant term (represented by <t and fc) is made 
in order to increase the tolerances for small 
work, without appreciably affecting those on 
larger sizes. 

When we come to consider the magnitude of 
the steps (Le. of the range factor r) it is 
obviously desirable that they should be kept 
reasonably small, or there will be too great a 
disparity between the tolerances and allow- 
ances assigned to work of closely the same size, 
on either side of a step. On the other hand, 
if the step is too small, the amounts involved 
become difficult to measure in the workshop, 
and the number of ranges has to be increased, 
with a corresponding increase in the com- 
plexity of the tables involved. In cases where 
the total tolerances and allowances are greater, 
the steps also can naturally be increased, with- 
out introducing too marked discontinuities. 

Probably the most generally acceptable step 
is one of 0*0002", or some multiple thereof. 
This is small enough not to give sudden jumps 
in passing from range to range, and large 
enough to be measured without difficulty by 
a micrometer. Its multiples include all the 
integral thousandths of an inch, and it is 
conveniently translatable into metric units, as 
0*005 mm. Its multiples therefore include all 
the hundredths and half-hundredths of milli- 
metres, without involving smaller fractions 
outside the range of ordinary workshop 
measurement. 

It should be noted, however, that although toler- 
ances and allowances, involving only relatively 


small multiples of 0*0002", can be translated into 
millimetres in this way, the actual diameters, and 
the limits of the various ranges, have to be converted 
by means of the factor 1 inch =25*4 mm., and conse- 
quently do not round off automatically to convenient 
metric figures. If, however, these larger dimensions 
be rounded off to the nearest 0*005 mm., work con- 
structed to the converted tables will in all cases be 
within 0*0025 mm. (0*0001 inch) of corresponding 
work constructed to the original tables in English 
units, and consequently it becomes possible to manu- 
facture with sufficiently approximate agreement to 
secure general interchangeability between work 
made on the two systems. 

A number of tolerance systems have been 
put forward, notably by Messrs. 3STewall 
Engineering Go. (England), C. E. Johansson 
(Sweden), Ludwig Loewe (Berlin), by the 
B.E.S.A., and by the Swiss and German 
Standards Associations, and a comparison of 
all these shows quite remarkable empirical 
agreement as to the general magnitude of the 
tolerances suitable for ordinary running fits. 

If we decide on a range factor r = 0 // *0002, 
and make k = 1, then the assumption of a 
particular tolerance or allowance on one 
particular diameter is sufficient to determine 
the ranges, and from them all other tolerances 
of the sane class. For example, let us suppose 
the tolerance on a 1^" normal running shaft 
to be 0"*0012. This will be in general con- 
formity with the trend of the various systems 
mentioned. Then 0*0012 = 0*0002(1 + n) so 
that 72=5, and the l-J" shaft must lie in the 
fifth range. If we suppose that it is the mean 
diameter of the range we have D n = |vi 2 <s?, 
which gives us 

l£' = i x25s 

or s = yu inch, 

and the ranges are, therefore, 0"*I, 0"*2, 

(F'-S . . . etc. 

This appears to be a convenient scries of 
ranges. It has been objected to it that the 
ranges are short, and the changes of tolerance 
correspondingly many. It should be noted, 
however, that any increase in the length of the 
range (following the same theoretical formula) 
must be accompanied by an increase in the 
magnitude of the step, which may be objection- 
able in other ways. And a frequent change of 
tolerance with diameter is not accompanied 
by any increase in the number of gauges and 
tools required, since these are necessarily 
different for every nominal diameter. 

We have next to consider the relation of 
tolerance to allowance. It is frequently argued 
that a somewhat wider tolerance is desirable 
for the hole than for the shaft, owing to. the 
greater difficulty in its production. With 
modern improvements in methods of produc- 
tion it is doubtful whether this argument 
carries very much weight, and for the normal 
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running shaft and hole the B.E.S. A. Committee to carry the distinction a stage further. It 
has provisionally adopted equal tolerances for is not difficult to devise a variety of types of 
shaft and hole, with an allowance (or minimum indicator of extremely high sensitivity, but 
clearance) of 1| times the tolerance. an increase in sensitivity is of no intrinsic 

Accepting the above series of ranges, we then value unless it can be associated with a 
have for the four limits involved in this class machine of appropriate design to avoid the 
and grad© of work : occurrence, from any cause, of errors in excess 

Max. hole . . . 40 - 0002 ( 1 4 - ?i) of the amount which can be indicated. Mo re- 

Min. hole . . . 0-0000 over, an indicator, in itself, affords no means 

Max. shaft. . . - 0-0003(1 +w) of actually measuring the differences between 

Min. shaft . . . - 0-0005(1 -\-n) two objects to be compared. Essentially it 

It is generally agreed also that with increas- serves only to show that the conditions of 

ing allowances increased tolerances can be measurement have been accurately repeated, 
permitted, and making use of this fact, bearing leaving the measurement itself to be made 
in mind the desirability of maintaining common by other means. And in this case it is clearly 
boundaries, and taking advantage of the of no value to have an indicator whose sensi- 
possibility of finer tolerances on the shaft for tivity far exceeds the accuracy of the actual 
the closer classes of fit, the following series of means of measurement. The measuring 
shafts may be employed with the normal hole, appliance also, whatever form it may take, 
to give the results indicated. has to he calibrated. And it would be equally 

useless to have a measuring 
apparatus capable of reading 
to extremely high accuracy 
unless means of calibration 
were available by which the 
values of the readings could 
be established to the same 
accuracy, and the design of 
the rest of the apparatus, 
and the conditions of work- 
ing, enabled readings of this 
accuracy to be reproduced. 

Indicators arc of two kinds. 
In the one kind, which may 
be called the “fiducial” 
indicator, and of which a 
typical example is to be found 
in the method of observing a 


Shaft (values of r ; 
unit— 0*0001). 

Max. J Min. 

Fit in Normal 
Unilateral Hole, 
Limits 

r = 0, r = 4“ 0*0002. 

r ~ ■ — 

Fit in Normal 
Bilateral Hole, 

4 0-0001, 
-0*0001. 

+ 3 

.. +2 


Light driving 

Driving 

4-2 

+1 

. . 

Heavy keying 

Light driving 

• . 

4* 1J 

4“& 

Medium keying 

. . 

1 

0 

. . 

Light keying 

Heavy keying 

• . 

+i . . 

-i 

Push 

Medium keying 

0 

-1 

, . 

Light push or spigot 

Light keying 

. . 

-i •• 

-u 

Sliding 

Push 

-1 

— 2 

. . 

Easy sliding 

Light push or spigot 

. . 

. . 

- 3 

Close running 

Sliding 

— 3 

-5 

1 

Normal running 

Running 

-5 

— 8 

: • • 

Easy running 

Easy running 


It will be seen from this table that the 
suggested series of shafts by suitable selection 
gives a reasonably satisfactory arrangement, 
when taken in conjunction with either the 
unilateral or the bilateral hole. And it would 
appear to be a reasonable proposal to stand- 
ardise immediately some such series of shafts, 
and to recommend manufacturers to conform 
to this forthwith, and then gradually to adopt 
the unilateral hole for all purposes, as new 
designs were put into production. In this 
way eventual uniformity of practice might be 
hoped for. 

IX. Design and Use of Metrological 
Apparatus 

§ (32) Indicators and Measurers. (L) 
Their Functions , — We have indicated in 
§ (5) (iv.) the necessity of keeping a clear 
distinction between relative and absolute 
accuracy of measurement. In designing 
apparatus for metrological purposes, as indeed 
for any precise scientific measurement, it is 
important to bear this in mind, and, in fact, 


contact by listening to the make and break 
of a telephone circuit, we learn only “ yes ” 
or " c no ” ; there is no indication given as to 
the amount by which the parts are out of 
contact at any instant previous to the receipt 
of the signal. The gravity pieces used with 
the Whitworth or Pratt & Whitney types 
of measuring machine are another example of 
this kind of indicator. 

In the second, and more common, kind of 
indicator (which wo may term a “reading” 
indicator) a pointer, or spot of light, or some 
similar object, is made to move past a scale ; 
a warning is given by the movement of the 
indicator when the conditions of repetition 
are approaching fulfilment, and an estimate 
can be made of the accuracy with which the 
repetition has been effected. 

In many eases it is possible to ensure the 
repetition of the conditions of observation by 
mechanical or other means, more closely than 
can be done by the use of the indicator itself. 
In such cases, if suitable means of calibration 
are available, the role of the indicator may 
bo changed into that of measurer, and the 
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apparatus becomes a pure comparator , capable I 
of measuring with high accuracy differences | 
limited to the small amounts covered by the j 
range of its scale. 

For the measurement of larger differences, 
however, special measuring devices, as distinct 
from indicators, have to be employed. Such 
are the scale and vernier, and, by far the most 
generally employed, the micrometer screw. 
And it is worthy of remark that practically 
every precise scientific operation reduces itself 
in the end to the devising and use of suitable 
means and apparatus by which the pheno- 
menon to be observed can be translated into 
some form of motion or record measurable 
on a linear scale* There are apparent excep- 
tions to this rule, as, for example, the deter- 
mination of electric current by means of the 
silver voltameter- But it is to be noticed that 
even here the weighing of the silver deposit 
reduces itself to observations of the movement 
of the pointer of a balance across its scale. 
The reason for this, no doubt, is threefold. 
Firstly, the mind more readily conceives the 
relative magnitudes of objects represented on 
a simple linear diagram, than in any other way. 
Secondly, the linear scale is continuous — i.e. 
it lends itself to subdivision by simple means, 
and, provided circumstances are such that 
no sudden irregularities in the results are to 
be expected, this process of subdivision is a 
sufficient means of estimating the smaller 
changes in the quantity being measured, 
without the need of special calibration for 
each point on the scale that may be used. 
Other scales which might he employed are 
less advantageous in this respect. The scale 
of time, though in itself continuous, depends 
for its own representation on scales of length ; 
for example, on the circumference of the dial 
of a clock, or the length of a trace on a chrono- 
graph record. The scale of mass, in its concrete 
manifestation at any rate, is discontinuous, 
consisting of a number of discrete pieces of 
material whose relationships with each other 
are known, but for interpolation between 
which it is necessary to build up suitable 
combinations by addition, and finally, for 
the ultimate subdivision, to refer to the 
movement of one of them upon a scale of 
length — the rider beam of a balance — or to 
the displacement of the beam itself. Thirdly, 
though this has a bearing on experimental 
convenience only in those cases where auto- 
graphic records of results are desired, the 
linear scale is an essential feature of those 
graphical methods which so frequently offer 
the most convenient means of describing the 
results obtained. It thus happens that both 
indicators (of the second kind) and measuring 
devices are almost invariably devised with 
the object of reducing the quantity to be 
measured to some form of linear record. 


The screw micrometer is for many purposes 
the most convenient device for measuring, 
and particularly for subdividing, such a 
record. It is, however, usually more difficult 
to achieve high accuracy of subdivision by 
any kind of measuring device than it is to 
do so (over a limited range) by means of a 
reading indicator. The screw micrometer, 
apart from unavoidable imperfections of 
manufacture, is affected by variations in the 
thickness of the oil film between the screw 
and its nut, and its indications, in the most 
favourable circumstances, are not reliable to 
anything closer than 0"- 00001 of direct linear 
movement. An interesting example of an 
instrument combining in small compass the 
functions both of a fiducial indicator and 
measurer is to be found in the micrometer 
microscope, in which the fiducial setting is 
made by adjusting to equality the spaces 
between the image of a moving line, and a 
pair of wires fixed in a frame in the focal 
plane of the eyepiece, which frame is moved 
by a micrometer screw which serves to give 
the measurement of the motion of the line 
observed. ' 

(ii.) Calibration of an Indicator.— MVe have 
next to consider the process of calibrating 
either a reading indicator or a measurer. If 
the accuracy desired in any new piece of 
apparatus is no higher than has already been 
attained by other means, it is obvious that 
no difficulty will arise in effecting the necessary 
calibration. But suppose our aim is to achieve 
an advance in accuracy beyond any previous 
attainment. Then clearly we have no pre- 
knowledge of any existing standards which 
will enable us to effect such calibration 
directly. In such case the apparatus must 
be made self-calibrating, and for this reliance 
has usually to be placed on the continuity of 
the phenomena and of their recorded effects. 
It is easiest to deal with this by considering a 
concrete case — e.g. the measurement of end- 
gauges. 

The process of calibration of the 4" slip gauge 
comparator (“Gauges, 35 § (82)) to the accuracy 
of a millionth of an inch, will be typical. We 
assume in the first place that we have a series 
of gauges, previously standardised by other 
less accurate methods, whose sixes are all 
known, say, to one hundred-thousandth of an 
inch. And let them include a series O''- 1000, 
0"-100I, 0"-1002 . . . OM010, whose nominal 
sizes differ by 0"*0001. We shall assume further 
that none of this latter scries is in error by 
more than O^OOOOl, so that their differences 
are known to be correct, from the previous 
standardisation, within ±0"- 00002, In other 
words, we assume that the differences of 
0"*0001 are known to be defined, by means 
of these gauges, to an accuracy of ±20 per 
cent only. A set of gauges giving nominal 
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differences of 0**0001 would not be of much 
value unless the differences were accurate at 
least to this degree. 

The scale of the indicator is capable of 
showing differences up to 0**0002 as a 
maximum, a movement of the spot of light 
of roughly 3* corresponding to 0**0001 
movement of the measuring anvil. Our 
first operation is to put up a temporary scale, 
uniformly divided— say to 1/10 inch ; we 
then insert the 0**1000 gauge in the machine 
and adjust the sliding anvil until the spot 
of light comes to rest on the middle division 
of the scale. Then the 0**1001 gauge is sub- 
stituted for the 0**1000, and a note made of 
the reading of the spot. The same operation 
is repeated, using in turn the 0**1001 and 
0**1002, the 0**1002 and 0**1G03, and so on, to 
the 0**1009 and 0**1010 gauges. The mean of all 
these readings gives a reading corresponding to 
the mean of all the differences 0** 100 1 — O''- 1000, 
0 // TQQ2 - 0**1Q01 . . . 0**1010 - 0**1009 —i.e. to 
one-tenth of the difference 0**1010-0**1000 — 
and hence, in accordance with our assump- 
tion, to one-tenth of 0**0Q1Q ± 0**00002, or to 
0*-0001 ± 0**000002. We then go through the 
same procedure in the reverse order, starting 
with the 0**1010 gauge indicating in the middle 
of the scale, and reducing, instead of increasing, 
step by step, and so find a second mean 
reading corresponding with a movement of 
0**0001 in the opposite direction, also within 
± 0 ** 000002 . 

If the magnitudes of these two mean, read- 
ings are equal we have a first confirmation 
that the assumption of continuity and uni- 
formity of scale is justifiable. The truth of 
this assumption can be further tested by 
determining the scale interval corresponding 
to 0**0001 at other parts of the scale — e.f/. 
from - 0**00005 to ±6**00005. 

We then make a new scale, with three main 
divisions separated by intervals correspond- 
ing to the two mean readings just obtained, 
and we subdivide each of these intervals 
equally into smaller divisions each correspond- 
ing to 0**00001, and presumably, therefore, 
representing this amount correctly within 
0**Q00Q0Q 2 . One - tenth of one of these 
smaller divisions— i.e. about 0**03— then corre- 
sponds to 0**000001, and is easily read by 
the eye. If the assumption, of continuity and 
uniformity is justified any reading taken on 
this scale will then be correct within the same 
proportionate accuracy as the two main 
divisions have been established— i. e. one 
part in 50— and no reading not exceeding 
5 hundred - thousandths of an inch should 
therefore be affected by error exceeding one- 
millionth of an inch due to the basis of 
calibration. 

We next make use of the machine, with the 
scale so prepared, to carry out a complete 


new intercomparison of the whole set of gauges, 
from 4* downwards, in accordance with some 
scheme such as that described in u Gauges,” 
§ (15). We must make the assumption that 
the individual errors of the larger gauges 
are not too great to allow all the necessary 
intercomparisons to be made within the range 
(0**0002) of the scale. Let us suppose that 
the larger gauges (X" to 4") are all correct 
within 1 part in 100,000 of their respective 
lengths, while those up to 1* are correct 
within 0*- 00001. Then the largest difference 
which would possibly need to be measured 
in any comparison would be ± 0**00008, which 
might occur in comparing the 4* with the 
1" ± 3" gauges. This would be measured to 
an accuracy of 0**00008/50 = 0**000001 In 
the mathematical working up of the results 
to determine the 1*, 2*, and 3* gauges in terms 
of the 4*, however, only one-quarter of this 
error would be associated with the 1* gauge, 
and three-quarters with the 3* gauge, and 
similarly with each of the other observations. 
The 1* gauge is thus now determined, in 
terms of the 4* gauge, to an accuracy of 
0**000000^ so far as this source of error is 
concerned. 

If, however, we consider that OMIOOOOI is 
the limit of accuracy of repetition and reading 
of the machine, this amount would have to 
be added to that obtained above, making the 
total possible observational error of the 1" 
gauge, in terms of the 4*, 0" *000001,,. In 
addition we have the uncertainty as to the 
real value of the 4* gauge. O ur new apparatus 
tells us nothing about this, and we have to 
accept the former uncertainty, which we 
assumed was 0**00001. This is transmitted, 
pro rata , to the new determination of the 
1* gauge, which finally, therefore, is known, 
in absolute size , to 0**000004 (=0**000001* 
-h 0**000002 r> ), as against 0**00001 previously. 

In the remaining comparisons, with the 
groups of smaller gauges, no total difference 
between any two pairs greater than 0**00004 
can arise, and the possible error of any 
observed difference, due to the imperfect 
calibration of the scale, therefore, cannot 
exceed 0**000000 B . The calculated value of 
any one of the series of the gauges of approxi- 
mately T \th thickness will be affected by 
the following possible errors : 

A x 0**000004 (proportion of absolute error of 
l" gauge), 

to x 0**000000 8 (proportion of absolute calibra- 
tion error), 

0**000001 (error of observation), 

making a total possible error of 0** 00000 1 6 in 
the determination of its absolute size, as 
compared with 0*00001 previously. 

We are now in a position to redetermine 
more accurately the calibration of the sc, ale, 



620 


METROLOGY 


and start again. It should "be noted that the 
observations already made do not need to 
be repeated All that needs to be done is to 
revise the observational values in terms of 
the corrections to the old calibration of the 
scale which can. he deduced from the new 
determination of the gauges, and repeat the 
calculations. If this process gives rise to 
changes in the calculated values of the gauges 
exceeding the limit of accuracy of observation, 
it must be repeated a second time, and so on, 
until finally further repetitions lead to no 
changes of sensible magnitude. We then have 
final values for the gauges, determined to the 
best accuracy of which the machine is capable, 
and are at the same time in a position to 
provide a final, and correctly calibrated, scale 
,for the machine. 

In all the above argument we have taken 
no account of the improvement in accuracy 
which arises from taking means of a large 
number of observations. We have considered 
only the limits of error which may enter into 
our results from various sources on the 
supposition that just sufficient observations 
are taken to make the solution of the problem 
determinate- 

Let us now see what are the essential factors 
of the procedure* 

(a) We must have some means of effecting 
a preliminary approximate calibration of the 
scale, by the use of quantities previously 
standardised to a lower order of accuracy. 
In the example we have taken we were able 
to effect this particularly well, owing to having 
a number of established differences of O'^OGOl 
of which the sum was known, to the same 
accuracy as each individually, and the mean 
consequently to considerably higher accuracy. 
Had this not been the case, the procedure 
would have been the same, but we should not 
have achieved so good an approximation to 
the correct calibration at the first attempt. 

(b) The scale must be continuous, uniform, 
and capable of repetition to the accuracy it is 

* desired to attain* This is easily tested by 
repeating the same measurement a number 
of times, and at different parts of the scale. 
The necessity of this condition lies in the fact 
that by virtue of it alone are we able to sub- 
divide our roughly calibrated scale into smaller 
intervals, each of which can be assumed known 
to the same proportional, and, therefore, to 
higher absolute, accuracy than the whole. If 
the scale be not uniform, progress can only 
be made if it is possible to ascertain, with 
sufficient accuracy, the amount of the devia- 
tions from uniformity. It is hardly necessary 
here to discuss in detail the additional com- 
plication which is thus introduced. 

(c) The quantities we use for the new 
standardisation must he correct within an 
accuracy which enables them to be redeter- 


mined by the use of a portion only of the new 
scale, and so to a higher relative accuracy 
than that previously existing, by which the 
whole length of the scale was adjusted. This 
would have been absolutely essential to any 
advance had we not started with the initial 
advantage referred to in (a) above. 

( d ) For absolute accuracy, except in the 
case of a direct comparison with on© of the 
three fundamental standards, we are dependent 
on the accuracy with which we are able by 
other means to effect the transition from those 
standards. The accuracy then attainable is - 
of course proportional to the magnitude of 
the quantity being measured, up to a limit 
imposed by the accuracy of reading of which 
the apparatus is capable. 

It will be found that the above conditions 
apply to a very large number of cases. There 
are, however, other cases in which the means 
of measurement may already be in advance 
of the means of indicating, and where the 
first condition for an increase in instrumental 
accuracy is the provision of a more sensitive 
indicator. One example of such a case which 
readily occurs to the mind is that of reading 
barometric pressure by comparing the height 
of a column of mercury against a scale. The 
accuracy with which a scale can be calibrated 
and read is at present far in advance of that 
with which the settings on the mercury 
surfaces can be determined. 

§ (33) MEASURED AND MANUEACTUEtni) 
Accuracy'. — The third of the conditions of 
the last section leads to the consideration of 
an interesting point. In the measurement of 
natural phenomena — e.g . the wave-length of a 
certain spectrum line — the only limit to tlie 
accuracy which may be attained (other than 
that imposed by the delicacy of the means 
of measurement available) lies in the constancy 
with which it is possible to reproduce the 
phenomenon. The various spectral lines are 
known to he non-homogeneous, in varying 
degree, and it is not unreasonable to suppose 
that by varying the conditions of production 
— e.g . the temperature and pressure of the 
radiating molecules — a change in distribution, 
and consequently in the mean wave-length 
of the line, might be produced. In this case, 
by carefully specifying the exact conditions 
under which the radiation is to be produced, 
an improvement in accuracy is to be expected. 

Hut in measuring manufactured products 
(and such measurement almost invariably 
forms a link in the chain of operations by 
which any natural phenomenon has to be 
measured) it is clearly impossible to attain 
increased accuracy by merely improving the 
means of measurement. The accuracy of the 
thing measured must also be increased pari 
pctssu. There would* for example, have been 
no use in constructing a machine capable of 
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measuring slip gauges to 0"'000001 if gauges 
had not already been manufactured with 
surfaces flat and parallel within 0"-00001. 
Had the surfaces deviated from flatness or 
parallelism by more than this amount their 
thickness would have been so lacking in uni- 
formity that they could hardly have been said 
to possess a measurement, capable of defini- 
tion, to the accuracy of 0"- 000001. 

But there may be cases, though they are 
rare, in which greater accuracy is attainable 
by the processes of manufacture than in the 
operations of measurement. A case in which 
this condition is approached is to be found 
in the method of manufacturing slip gauges 
devised by the present writer in conjunction 
with Mr. A. J. C. Brookes, and described in 
“ Gauges,” § (5) (iv.). In this process 8 (or a 
multiple of 8) pieces are produced together, each 
of which is necessarily equal, within very fine 
limits of accuracy, to every other of the set. 
Theoretically the equality obtained is exact, 
and not the result of trial and error, or gradual 
approximation. This being the case, if the 
variations between the individual pieces of a 
set are not measurable by means of the 
apparatus available, an improved measure- 
ment of any one of them will be obtained by 
adding the whole 8 together, and comparing the 
sum of them with a standard of 8 times their 
nominal dimension. Dividing the result of 
this comparison by 8, the value of each piece 
is then determined, on the assumption of 
manufactured equality, to 8 times the accuracy 
of which the measuring machine is directly 
capable. And it may easily bo possible, by 
means of a very sensitive indicator, not 
necessarily calibrated, or even suitable, for 
use as a measurer, to prove that the pieces 
are equal amongst themselves to the accuracy 
necessary to justify the use. that has been made 
of this assumption. 

An improvement in the processes of manu- 
facture may thus not merely bo of uso as 
facilitating the application of measuring 
methods, but may itself actually afford the 
means for improved measurement. And we 
can carry the idea still further. Suppose we 
find by observation with a very delicate 
fiducial indicator that, by the process of 
manufacture, the equality obtained amongst 
the individual gauges constructed at one 
operation is better than we have any means 
of measuring. And suppose we carry the 
process of manufacture just so far that, using 
the same fiducial indicator, the sum of the 
set of 8 gauges is exactly in agreement with 
a piece which, according to our best available 
method of measurement, is correct. Then 
we know that, by the. process of manufacture, 
wo have generated sizes to an accuracy which, 
for the present, exceeds that with which we 
are in a position to measure thorn. 


Such a reversal was, in fact, almost achieved 
by the method of manufacture in question. 
It was only by a practically simultaneous 
improvement in methods of measurement 
that the latter were enabled to hold their 
own. And at the present time there is little 
to choose in accuracy between the best 
processes of manufacture and measurement. 
Of course, exactness of manufactured size 
beyond existing powers of measurement would 
hold no practical utility. But processes of 
manufacture and measurement are both 
continually being improved, and, as wo have 
seen, improvement in either facilitates further 
improvement in the other. It is. interesting, 
however, to notice that while improvement 
in manufacturing accuracy normally follows 
only on the introduction of improved means 
of measurement, this is not a necessary order 
of development. 

§ (34) Details of Construction, (i.) 
Accuracy of Guiding Surfaces. — In a large 
variety of machines measurements are made 
by the agency of parts movable subject to 
the constraint of fixed guides, and it is of 
importance to realise the magnitude of the 
errors which may he introduced by the im- 
perfections of guides. The guide is usually 
assumed to be straight, and the errors which 
may be introduced as the result of any devia- 
tion from mathematical straightness may, 
according to circumstances, be of either of 
two types, known respectively as “ sine ” and 
“ cosine ” errors. In the former type, which 
is that of most importance, the error of 
measurement is proportional to the sine of 
the small angular error between two portions 
of the guide nominally in the same straight 
lino— i.e. to 0 ; while in the latter type it is 
proportional to (1—tho cos to 0*/2. 

The factors of proportionality, of course, 
depend upon the particular design, and have 
no necessary relation to each other, but it is 
usually easy to attain a sufficient degree of 
accuracy in construction to render the “cosine ” 
type of error negligible, and wo need only con- 
cern ourselves with errors of the “sine” typo. 

Probably the most typical instrument, in 
which this type of error is of great importance, 
is the cathotometor, which is used to measure 
distant objects by comparison with the move- 
ments of an observing telescope against a 
scale attached to its guido. The incidence of 
the error is here so obvious, and its magnitude 
may be so great, that all such instruments 
are provided with means for readjusting the 
telescope in each position in which it is used, 
ho that its optical axis is always brought back 
parallel to some fixed direction, independent 
of the accuracy of the guide, which serves only 
for rough adjustment. The fine adjustment 
is usually effected by means of a level. 
Another example where a similar type of 
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control is effected by a slightly different 
method is to be found in the optical arrange- 
ments of the 50-metre mural base 1 at the 
National Physical Laboratory. 

In many cases, however, insufficient atten- 
tion is given to this point in the design of 
measuring apparatus. A notorious defaulter 
in this respect is the ordinary travelling micro- 
scope, another variant of which is the type of 
end-measuring machine in which there is a 
microscope, attached to the measuring head- 
stock, and reading a scale placed in some 
convenient position alongside, for the purpose 
of measuring the larger movements of the 
headstock while the micrometer screw gives 
the smaller differences. In all instruments 
of this kind there is a sine error, propor- 
tional to the angle of bend of the guide in the 
plane containing the axis of the micrometer 
and the locus of the focal point of the moving 
microscope, the multiplying factor being the 
distance between these two lines. Many such 
instruments prof ess to give readings to 0^*00001, 
whereas in practice it is rare to find, and 
indeed extremely difficult to make, any 
machine of this type in which errors from 
this source do not amount at least to 0"-0001. 

The correct solution of this difficulty is 
well exemplified in the type of measuring 
machine constructed by the Societe Genevoise 
(see “ Gauges,” § (74)) in which the line of 
vision of the microscope lies in the prolonga- 
tion o£ the micrometer axis. By this means 
any error introduced by want of straightness 
in the bed of the machine is reduced to one 
of cosine type, and readily made negligible. 

In the design of measuring apparatus of 
all kinds this principle is fundamental, and 
should always be borne in mind. When 
dependence is placed on parallel motion along 
a guide, either provision should be made for 
checking and adjusting the maintenance of par- 
allelism, or preferably, if this can be effected 
without undue complication, the motion to 
be measured and the means of measurement 
should be brought into the same straight line 
— not into two nominally parallel ones. 

Two devices may be mentioned by which 
the accuracy of such motions may be improved. 
The introduction of cylindrical grinding into 
the modern tool-shop has made it possible 
to produce highly finished cylindrical surfaces 
of great accuracy, whose axes are necessarily 
straight, even though their surfaces may not 
be quite uniformly parallel. If a sliding piece 
in the form of a double vee rests on such a 
cylinder, with some further guide (as for 
instance a fiat resting on a second similar 
cylinder placed with its axis parallel to that 
of the first), it should theoretically remain 
parallel to itself as far as motion in a plane 
parallel to that containing the axes of the 
1 See fC Surveying Tapes and Wires/’ § (7). 


two cylinders is concerned, in whatever 
position along the cylinders it is set (see Fig. 
18), in which the line AA should be free from 
rotation in the 
plane of the 
paper. For 
many purposes 
the accuracy 
so obtained 
would be suf- 
ficient. But, 
of course, no 
workshop pro- 
cess is perfect, 
and it must be remembered that we have 
taken no account in the above argument 
. of any bending of the cylinders after 
construction, either by warping of the 
material, under their own weight, or under 
the moving load of the sliding parts. For all 
these reasons this type of design, while fre- 
quently offering advantages over the more 
old-fashioned “ lathe bed ” type, is still only 
to be regarded as an approximation to the 
desired result. 

A much closer approximation to parallel 
motion can be obtained, when the amount 
of movement required is quite small, by the 
system of supporting the moving part on 
two parallel spring steel strips, as described 
in the article “ Gauges,” § (82), in connection 
with the moving barrel of the 4-in. u millionth 55 
comparator. Provided side-way forces are 
kept within suitably small limits this type of 
support gives a perfectly parallel motion, 
though there is a slight bodily translation of 
the part in a direction perpendicular to the 
principal movement, since every point of the 
body moves, not in a straight line, but in a 
small arc of a circle. 

(ii.) cc Geometric ” and cc Engineering ” 
Methods of Constraint — It is frequently ne- 
cessary, in the construction of all kinds of 
apparatus, to find means of locating one part 
definitely in relation to some other part. 
Two entirely distinct methods are available 
for achieving the desired result. 

(a) The two parts may be carefully fitted 
to each other, so as to bear upon each other 
over considerable areas of their surfaces. This 
may be termed the “ Engineering ” method. 

( b ) The connection between the parts may 
be limited to the minimum that is necessary 
to prevent relative movement between them 
without imposing any restraint other than 
that which is mathematically required to con- 
trol the various possible degrees of freedom, 2 
This, theoretically, demands only the fixing 
of three points in the one part in relation to 
the other, and is termed the Geometric ” 
method. 

A familiar example of the geometric method 
2 See c< Scientific Instruments, The Design of/’ 
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is found in the well-known method of locating 
the three feet of a tripod by means of a hole, slot, 
and plane, or, preferably, by means of three 
slots radiating from a centre. The reason 
for preferring the latter variant is twofold. 
Firstly, since the foot and its hole cannot in 
practice be mathematical points, we must 
regard them, for example, as a sphere seated 
in a conical cup, and making line contact 
along a circle, instead of point contact as 
required by the theory of the system. If 
either the sphere or the cone be slightly oval, 
the contact will be on two points only, and 
equivalent not to a point constraint, but to a 
line constraint such as that given by a slot. 
This foot then, instead of being definitely 
located, will have one degree of freedom remain- 
ing, of very short range, it is true, but none 
the less to this extent the registration of the 
two parts will be indefinite. Secondly, as 
a matter of manufacturing convenience, the 
three slots can all be made identical, and the 
three feet of the movable part can conse- 
quently be brought easily to register at the 
same distance from any desired reference 
plane on the fixed part, whereas the hole, slot, 
and plane have to be made independently of 
each other, and their different distances from 
the reference plane carefully adjusted — by no 
means an easy operation — in order to achieve 
the same result. 

It may be noticed that had our conical 
hole, instead of being nominally circular in 
section, taken the form of a hollow three- 
sided pyramid, the bearing of the spherical 
foot in it would have been quite definite, even 
had the sphere been imperfect. Such a hole, 
however, is considerably more difficult to 
make. 

This brings us to an interesting mathe- 
matical relationship governing constraints of 
this type. When a body is free in space it 
has six degrees of freedom — three of trans- 
lation, and three of rotation. Every point- 
contact made on a plane destroys one of these 
degrees of freedom. To fix a point involves 
three such contacts (as in our pyramidal hole), 
and the body has then left only the freedom 
of the three rotations about this point. The 
sphere resting in the V -groove or slot destroys 
two of these, leaving only freedom of rota- 
tion about the line joining the centres of the 
two spheres, and the last contact, on the 
plane, destroys the last possibility of move- 
ment, and completes the constraint. In the 
case of the three-slot arrangement, each slot 
destroys two degrees of freedom, making six 
in all. 

It must be noted that in the hole, slot, and 
plane arrangement the slot must not be 
perpendicular to the line joining the feet 
which rest in it and in the hole respectively, 
while in the three-groove arrangement the 


grooves must not all he parallel to each other, 
otherwise it might be impossible to make all 
three feet register simultaneously, and even 
if they did, one degree of freedom would 
remain uncontrolled. 

Geometrical constraints are often employed 
also for the control of moving parts — a typical 
illustration being the case of the slide on two 
parallel cylindrical bars referred to in the 
last section. The slide in this case (Fig. 18) 
has five points of contact, two between each 
V and the first cylinder, and one between the 
plane and the second cylinder. There is thus 
but one degree of freedom left — that of trans- 
lation parallel to the axes of the cylinders. 

It is necessary in the design of precision 
apparatus to pay careful attention to the type 
of constraint most suitable for any particular 
connection. Theoretically the geometrical con- 
straint is ideal, and has the great advantage 
for certain purposes that it can very readily 
be removed and replaced in exactly the same 
relative position as before. On the other 
hand, it manifestly lacks the strength and 
resistance to wear of the “ engineering ” type 
of constraint. Where there is any consider- 
able load on a slide the geometrical type is 
also very difficult to keep lubricated. The 
“ fit ” of two parts to be related by the 
engineering method may be a source of 
considerable difficulty. The bed of a lathe, 
for example, even if it is of uniform section 
to start with, is liable to wear more at one 
part than another, with the result that after 
a time it becomes impossible to adjust the 
saddle so as to fit equally all along the traverse. 
Moreover, the large bearing surfaces involved 
cannot be expected to make contact all over, 
and the fact that there are a large number of 
points of contact in excess of the five necessary 
to give complete location leads to more or less 
uncertainty as to the exact position which the 
saddle will take up on attempted repetitions 
of the same setting. 

In the case of fixed connections, the impossi- 
bility of ensuring uniform contact all over 
the surfaces concerned involves a certainty 
that the two parts, when bolted together, will 
be more or less strained, and there is no 
guarantee that after dismantling and re- 
assembling the bolts will be equally tightened, 
and the same conditions re-established. And 
if they were, any variation in temperature 
between the two parts would lead to mutual 
straining of uncertain nature and amount. 
In cases where such considerations may be of 
importance, the geometrical connection is to 
be preferred. 

In the case of sliding parts the theoretical 
perfection of the geometrical method is 
somewhat off-set by the fact that the surfaces 
on which the sliding takes place are not 
of mathematical accuracy, and the contact 
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points are likely to find minor hollows and 
irregularities which the surface contacts of 
the engineering slide would bridge over. As 
a matter of fact, partly for this reason 
and partly from considerations of wear* the 
nominally geometrical slide rarely depends 
on actual point contacts. A compromise 
may be made by the use of intermediate 
“ slippers/ 3 an example of which is indicated 
in Fig . 19* Each slipper is designed to bridge 
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the minor irregularities of a small portion 
of the “ track” ; it is free to take up what- 
ever position on the track it desires, and the 
slide is definitely located from the slippers by 
means of the three spherical feet which rest 
in conical holes on the upper sides of the 
slippers. 

<ni.) Friction and Frictionless Motions . — It 
is often of importance, in order to ensure 
precision of repetition, to pay attention not 
merely to the geometrical properties of the 
constraints involved in a mechanism, but also 
to the elimination, as far as may he possible, 
of all sources of friction. Even in the absence 
of “backlash/ 3 friction may prevent an 
apparatus from recording the same reading, 
under nominally identical conditions, after a 
reversal in the direction of motion. Its effects 
are attributable to the variations it introduces 
•in the forces at work, and to the elastic 
properties of the parts affected by these forces. 
The combination results in a jerky step-by- 
step motion* like that of a taut rope slipping 
round a bollard, which puts a limit to the 
accuracy with which any particular observation 
can be repeated, and at the same time defeats 
the desideratum of continuity to which we 
have referred in § (32). 

Various methods of reducing the effects of 
friction are available. In the case of rotating 
parts, the frictional torque depends on the 
radius of the bearing, and, if no great strength 
is needed, can be very considerably reduced 
by reducing the diameter of the hearing circle 
— for instance, by the employment of very 
small conical-pointed pivots. 

Another well-known device for reducing 
rotating friction is the friction wheel, used, 
for example, in Attwood’s machine for measur- 


ing the acceleration due to gravity. This is 
capable of dealing with larger loads, and 
consists essentially of a wheel and axle rolling 
in the angles formed between two further 
pairs of freely turning wheels (Fig. 20), It 



depends for its success upon a double reduction 
of the frictional effect, by the product of the 
ratios of the diameters of the axles to the 
diameters of the wheels. 

This result in its turn depends upon the 
fact that rolling friction is very much less 
than sliding friction, a fact which is also made 
use of in various other ways. The most 
obvious examples of such use are to be found 
in the many types of ball and roller journal 
and thrust bearings now on the market. 
These give the most satisfactory results in 
cases where ease of rotation is required under 
very heavy loads. 

In the case of sliding motions, if frictionless 
movement is a desideratum, the engineering 
type of constraint becomes impossible, and 
we are bound to use the geometric method 
modified by the insertion of balls or rollers 
to minimise the effort at the points of contact. 
A typical example of how this may be effected 
is shown in Fig . 21. 

The slide A moves on three balls, two 
resting between one vee in the upper surface 


of the bed and a second vee in the lower sur- 
face of the slide, and the third between a 
second vee in the bed and a plane on the 
slide. This arrangement gives complete geo- 
metrical constraint to the slide, with freedom 
of movement only along the bed. It is to be 
noted, however, that we have reverted hero to 
actual point-and-plane contacts, so that any 
blemishes in the various surfaces involved will 
be reflected in irregularities of movement of 
the slide, and if the maintenance of parallelism 
is of importance, great attention must there- 
fore be paid both to the perfect sphericity 
of the balls used, and to truth, smoothness 
of finish, and freedom from minute holes, 
of the surfaces of the vees and flat. The 
ordinary steel balls of commerce are fortun- 
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ately remarkably* good as a rule, in respect of 
sphericity. Por accurate work the surfaces 
should be made of hardened steel, carefully 
polished and lapped- Cast-iron is too liable 
to minute cavities. The lapping of the Vees 
can very conveniently be effected by means 
of laps in the form of long cylindrical rods, of 
the same diameter as the balls which it is 
intended to use. In this way just that 
portion of the surface is trued up which will 
eventually be employed. Only the final 
lapping should, however, be done in this way, 
as if any appreciable . cylindrical groove is 
formed the balls will have to slip, as well 
as roll, and some degree of friction is again 
introduced. 

Where only small amplitudes of movement 
are needed, there is an entirely different 
method of dealing with the problem which 
may be said practically to ehminate friction 
entirely. This is by the use of elastic suspen- 
sions. We have already mentioned (§ (29) 
(i.)) the method of obtaining a very accurate 
parallel motion by means of two parallel 
spring steel strips. Such a constraint is 
completely free from friction, except for the j 
very small elastic hysteresis which may he 
present in the material of the springs, or for 
possible creeping of the springs in their grips. 
The latter may be avoided by careful work- 
manship, or even by soldering the springs into 
place after adjustment. 

The same principle may also be applied 
where small angular movements are required, 
by the system of crossed spring suspension, 
also utilised in the 46 millionth 55 comparator 
(“Gauges,” §(74)). Referring to Fig. 22, A is 

an arm which is 
required to have a 
slight rotation only 
relative to a base 
B. It is supported 
by means of the 
two springs S x , S 3 
rigidly attached to 
both arm and base 
in the manner 
shown. Rotation 
occurs by the bend- 
ing of the springs. 
It is immediately apparent that the initial 
motions of the two points, P, Q, each half-way 
through the thickness of its respective spring, 
are in the directions Pp, Q q, and hence that 
the instantaneous centre of rotation of the 
arm A is at C, the intersection of the neutral 
axes of the two springs. Fig. 23 sufficiently 
indicates that for a considerable amplitude 
of movement the motion is one of practically 
pure rotation about this original centre. 

Both types of spring constraint may be 
made of robust construction ; but the limit 
to the amplitude of movement possible is 


imposed, according to circumstances, either 
by the amount of variation which can be 
permitted in the forces actuating the move- 
ment (it is only by virtue of this variation that 



the flexure of the springs is effected) or by the 
necessity of keeping within the elastic limit 
of the material of the springs themselves, 
in order to avoid their eventual breakdown 
by fatigue. Naturally, the thinner and less 
robust the springs, the greater latitude there 
is in each of these directions. 

§(35) Elasticity of Pabts. — This may 
be a source of trouble unless due account is 
taken of its possible effects in design. A 
balance, for example, with too slender a 
beam, will exhibit very varying depression 
of its centre of gravity below the line of the 
centre knife-edge, consequent on its changes 
of flexure. In some designs of apparatus for 
measuring cylindrical gauges, the attempt is 
made to transfer from external measurements 
by processes involving a change in the direction 
of pressure of a feeler arm, with the attendant 
risk of a change" in flexure of the feeler 
invalidating the results. Or moving loads may 
cause distortions of parts of a machine intended 
to remain constant, and so introduce errors. 

All such matters have to be guarded against 
in the evolution of any new design. But 
although elasticity may be an enemy, we have 
also seen how it may be made a friend. The 
frictionless elastic motion, as applied to an 
indicating mechanism, allows us to feel 
absolute confidence in the continuity of the 
indications ; and although the frictional 
resistance to movement is replaced by an 
elastic one varying with the amount of the 
movement, this variation is also continuous, 
and repeats itself with accuracy, so that its only 
disadvantageous result can be nothing worse 
than a slight deviation from uniformity of scale. 

By a suitable proportioning of parts it is 
possible to make a complete mechanism of 
very high sensitivity, depending solely on its 
own internal elastic deformations. It is 
precisely this device which is employed in the 
millionth comparator. 
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Another and very simple device, in which 
the same principle is involved, is indicated 
in Fig. 24. An elastic spider, with a scale-pan 
at the centre of its upper surface, vertically 
above a suitable contact point, rests by three 
insulated feet upon a surface plate. A gauge 
to be measured is placed on the surface plate 
below the contact point, and the scale-pan 
loaded with, weights until contact is just 
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made, as indicated, for example, by sound 
in a telephone receiver. The gauge being 
replaced by a standard of known size, and the 
operation repeated, the difference of the 
weights in the pans gives a measure of the 
difference in thickness between the gauge 
and the standard. Tor quantitative measure- 
ment previous calibration by means of a series 
of standards of known, size is necessary. By 
increasing the stiffness of the spider any desired 
degree of sensitivity may be attained, of course 
at some sacrifice of amplitude of range. 

§(36) Indioathto Devices, (i.) Conversion 
of Linear to Angular Movement — This is a 
problem of continual recurrence, which is 
worthy of some attention. The diagrams of 
JFig. 25 represent three alternative possibilities. 
In each, the part P is supposed to have a linear 
movement along the axis XX, while the part 
<5 has a rotation about an axis, perpendicular 
to the plane of the paper, at 0. The thin 
lines represent the initial, or zero, position, 
and the thick lines a position in which Q is 
rotated through an angle & 9 corresponding 
to a linear movement, x, of P. h is the 
distance from O to XX, which is the line in the 
direction of motion of P which passes through 
the point of contact in the zero position. 
Taking the cases in turn, we obtain the 
following relations between % and 6 : 

(a) x=zh tan 6—r (sec 9 — 1), 

(b) x = h sin 9 y 

(c) x~Ji sin B —z 

8 

= h sin 6—r tan g sin 8. 

If the motions involved are only small wo 
may rewrite these, as far as the second or 
third power of <9, thus 

(a) x~k8 — §r# 2 . . . (no term in 8% 

(b) x=K0 . . . 

(c) x— lid — —^hd z . 


As was to be expected, if we neglect all powers, 
of 6 above the first, we see that the ratio 8[x, 
for initial movement, is the same in. all three 
cases. 

All three types of mechanism are required 
to meet different cases that may arise. It is 
evident that if constancy of magnification 
over an appreciable range of movement is 
the prime desideratum, type (6), which does 
not involve any term in 0 2 , is to be preferred. 
Types (a) and (c) lead to the same result in this 
respect, and the choice between them will 
rest on other circumstances. 

If r can be made extremely small, i,e. if the 
contact is in the nature of a sharp point or 
knife-edge, then ^r# 2 may be negligible in 
comparison with £ h6 3 . In this case type (c) 


o 



(c) 

Fig. 25. 


becomes equal to type (6), but type (a) with 
no term in 0 3 has the advantage. II ut a 
point or knife-edge contact suffers from the 
disadvantage of being readily deformed 
elastically by the forces which may be at work, 
and also from the liability to permanent 
damage, -which is easily produced by the 
pressure or rubbing of such a contact. 

It should be noted, however, that type (ft), 
"while preferable to (a) or (c) on the ground 
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of constancy of magnification;, is inferior in 
another respect. Types (a) and (c), so far as 
initial motions are concerned, operate with a 
pure rolling contact, whereas in type (6) there 
is slipping at the surface of contact. 

If we calculate y , the distances along the 
surface of the plane in each case, between the 
initial and final positions of the point of 
contact, we get the following results : 

( a ) y = r tan 0 — h (sec 8 — 1), 

( b ) y = 7i(l — cos 6 ), 

(c) y = 7i{ 1 — cos 6) +r sin 6. 

In each case the corresxoonding distance along 
the surface of the sphere is r& . Hence, sub- 
tracting, and retaining only the first t\Vo powers 
of 6 , we get for the distance through which the 
sphere has slid on the plane, in the three cases, 
respectively : 

(а) I7i0\ 

( б ) rd — ^7i0% 

(c) - P6> 2 . 

For small displacements from the zero 
position the amount of slip is, therefore, 
proportional to the movement in case (6), 
whereas in cases (a) and (c) it may be reduced 
to a negligible amount provided the angular 
displacement is sufficiently small. 

The objection to any sliding motion is, of 
course, the fact that friction is introduced, 
and that thereby the action of the mechanism 
becomes discontinuous and uncertain in 
greater or less degree. Theoretically, suppos- 
ing the parts were absolutely rigid, even the 
small slip which occurs in cases (a) and (c) 
would be sufficient to introduce friction. But 
actually the parts are not rigid, and a certain 
amount of elastic distortion has to take place 
in the neighbourhood of the point of contact 
before relative displacement occurs. And if 
the whole amplitude of motion be so small 
that slipping is not initiated, the mechanism 
as a whole behaves elastically, and the fric- 
tional difficulties do not arise. 

It might appear that this was an impractic- 
able limitation, but it is not so in practice, 
where very fine movements are concerned. 
Contact of type (c) is used to operate the bell- 
crank lever on the 4-inch sc millionth ” com- 
parator. In this case the amplitude of the 
linear movement is ±0*0001 in., and the 
dimension 7i = l in. 0 therefore varies between 
±1/5000, and ^0*000,000,01 in. only. 

This is of the order of magnitude of the 
diameter of a single molecule of matter, and 
consequently may well be supposed to lie 
within the limit required for such a purpose as 
that envisaged in the present problem. It 
must, however, bo realised that the amplitudes 
of motion of which this is true are really 


extremely small, and care must be used in 
applying the principle. 

Another type of device for converting linear 
into angular motion, in which greater ampli- 
tude of movement, still purely elastic in 
character, is possible, has been devised by 
Mr. E. M. Eden, and is shown in Fig . 26 (a) 



and (/;). A is a fixed part, B a moving part, 
each rigidly connected to c by means of thin 
spring steel springs, as indicated. In the 
displaced position, as shown at (6), each of the 
springs, to a first approximation, is bent into 
the arc of a similar circle, and, if a he the 
distance between the springs, and x the move- 
ment of B relative to A, then it is evident that 
for small displacements 

x = a sin 9 . 

This mechanism has one great advantage, in 
that it is possible to make a very small, yet 
definite, and so to obtain very high magnifica- 
tion of the motion, while the element of 
friction is eliminated. 

In each of the three contact mechanisms 
illustrated in Fig . 25, the pivot, according to its 
purpose, and to the accuracy desired, may bo 
of either journal, cone-point, or “ crossed- 
spring ” type. Or, as is frequently convenient, 
particularly where the rotating part is not 
required to transmit any force (as, for example, 
when it simply carries the mirror of an optical 
lever), it may be supported by a geometrical 
constraint. Fig. 27 (a) shows one method of 
achieving this result, and needs no further 
description. Fig . 27 (b) indicates a con- 

venient variation of design for the same 
purpose. 

(ii.) . Magnification of Linear Motions by 
Mechanical Levers. — If wo regard any one of 
the rotating elements of the pairs considered 
in the last section as being the short arm of a 
rigid lever, pivoted at the fulcrum ; and if at 
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the end of the longer arm of the same lever 
(which may he either straight or bent) we 
provide another such mechanism — either of the 



same type, or of one of the other types, accord- 
ing to the purpose we have in view, — but 
arranged to function in reverse order, we can 
reproduce the original linear motion, magnified 
by a factor depending on the ratio of the lever 
arms, at the free end. Referring to the 
formulae for the conversion from linear to 
angular movement, we see that if mechanism 
(&) is employed, we shall invariably get a 
constant magnification, independent of the 
amplitude of motion. But if type (u) or type 
(c) are used, this will no longer be the case, 
unless rjh is the same at each end of the lever 
— a condition which ordinarily would involve 
using an inconveniently big sphere at the end 
of the longer arm. If, however, the amplitude 
is only small, types (a) or (c) give a sufficiently 
good approach to constant magnification, and 
as may be seen from the identity of their 
approximate formulae as far as the term in 0 2 , 
are interchangeable in their effects within 
reasonable limits. 

Probably the best example of the application 
of pure mechanical lever magnification to the 
problem of fine measurement is to be found in 
the machine constructed by Dr. P. E. Shaw, of 
Nottingham University. 1 In this machine a 
series of six levers were arranged in series, to 
give a total mechanical magnification of 1000 : 1, 
the amplified movement being read by a 
micrometer, so that indications of the order of 
10 “ 7 inches could be observed. 

(iii.) The Optical Lever . — In many cases 
where high magnification of small movements 
is required, the inertia and elasticity of 
mechanical parts proves a serious incon- 
venience. In other cases, e.g. galvanometers, 
etc., the force available for producing the 
angular rotation is often insufficient to permit 
of any mechanicaL means of magnification 
being applied. In such circumstances the 
optical lever may often be very advantageously 
employed. In this device a small mirror fixed 
to the rotating member reflects a beam of 
light. Two alternative methods of observation 

1 Phil. Proc Dec. 1905, lxxvi. 350. See also 
“ Gauges,” § (75). 




may be used. In the one, a scale and telescope 
are placed in front of the mirror, and the scale 
is observed thi ough the telescope. As the 
mirror rotates the 


scale appears 
move past a fixed 
cross- line in the 
eyepiece of the 
telescope, and a 
reading of the 
position of the 
rotating member 
is thus obtained 
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(Fig. 28). 

In the other variant of the method, an image 
of an illuminated cross-wire c is formed upon 
the scale by means of a lens L, situated 
between it and the mirror, and arranged so that 
the rays converging to form the image are 
intercepted and reflected by the mirror, with 
the result that as the mirror rotates the image 
moves along the scale (Fig. -29). The cross- 
wire can very conveniently be illuminated by 
stretching it in front of the lens of a small 
collimator, at the focus of which a suitable 
lamp is situated. The cc Pointolite ” tungsten 
arc lamps, made by the Ediswan Company, are 
ideal for the purpose, particularly where a 
brilliant image is required for reading on an 
opaque white scale, in daylight ; but they are 



somewhat expensive. The rays of light then 
proceed as a parallel beam up to the lens L, 
and if this is placed at a suitable distance from, 
the mirror, and the latter is of appropriate sisae, 
the whole of the light is used, and a bright 
image results. 

The lens L may be in any position between 
C and M, and as a limiting case it is possible to 
suppress it altogether, and to substitute for the 
plane mirror a concave one of suitable focal 
length to form an image at the desired distance 
of the scale. It frequently occurs also, if a 
silvered glass mirror is used, that a cc ghost ” is 
produced by the front surface of the glass. 
This is inconvenient, and can be avoided by 
silvering the front surface of the mirror, but if 
this be done the mirror is very easily damaged, 
and deteriorates rapidly by tarnishing. A 
very convenient method of avoiding the diffi- 
culty, which the writer has employed with 
great success, is to form an effectively concave 
mirror by silvering the plane surface of a small 
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plano-convex lens, placed with its convex side 
towards the lamp and scale* The focal length 
of such a mirror is half that of the original lens, 
so that there is no difficulty in specifying the 
lens required. It should be remarked that the 
suppression of the separate lens L in this 
manner is only practicable for small deviations 
from the normal. If large deviations are 
involved the concave mirror suffers from the 
defect of marked astigmatism, which is 
avoided with the separate lens and plane 
mirror. . 

It should be noticed that, owing to the 
simple law of reflection, that the incident and 
reflected rays make equal angles with the 
normal to the mirror surface, the angular 
movement of the optical lever is twice that of 
the mirror. This in itself is an advantage, as 
it gives immediately double the magnification 
obtainable by a mechanical lever. Further 
advantages of the optical lever are that, being 
weightless, it offers no resistance to the motion 
being observed : the moving part can conse- 
quently be made extremely light, which for 
many purposes is of importance ; it is instan- 
taneous and dead beat, and since light moves 
in perfectly straight lines under such conditions 
as obtain in its employment for this purpose, it 
is absolutely rigid and can consequently be 
made with a very great length of arm, without 
detriment to its action, and with corresponding 
increase of magnification. 

In using any kind of indicator it is usually 
necessary in some way to form an estimate of 
the fractional parts of the smallest subdivision 
of the scale. Where mechanical magnification 
alone is involved, a vernier can sometimes be 
introduced to facilitate this. With an optical 
lever a vernier cannot conveniently be em- 
ployed, but there is an alternative method of 
obtaining an even more effective subdivision. 
Referring to Fig. 30, the scale is prepared with 



Fig. 30, 


six horizontal lines, and a number of diagonal 
lines representing the smallest subdivisions. 
The spaces between the horizontal lines should 
be approximately equal to those between the 
diagonal lines. The image of the cross-line is 
arranged to fall across the scale in a vertical 
direction, and as will be seen from the figure, 
the tenths of the subdivisions are very clearly 
defined by ascertaining on which, or between 
which, horizontal lines of the scale the vertical 


cross-wire cuts the diagonal. As drawn, the 
reading is 0-47, 

When it is considered sufficient to estimate 
the fractions of the subdivisions by eye, careful 
attention should be paid to the proportions of 
the scale. It is unnecessary, and in fact very 
undesirable, to have long lines to indicate the 
smallest subdivisions. Fig . 31 (a) shows a 
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Fig. 31. 


properly proportioned scale. The lines indicat- 
ing the smallest subdivisions are equal in 
length to the space between them. The fives 
and tens alone are picked out with longer lines. 
Fig. 31 ( b ) shows what is known as the “ pali- 
sade ” effect, due to the division lines being too 
long in proportion to the spaces. It is very 
bewildering and trying to the eyes to have to 
take many readings on such a scale. 

(iv.) Proportionality of Scales . — In consider- 
ing the functioning of any type of indicator, 
another point which has to be borne in mind is 
the uniformity or otherwise of the magnifica- 
tion at different parts of the scale. It is 
manifestly convenient in such cases as we have 
been discussing if a constant magnification can 
be maintained, so that equal spaces, throughout 
the length of the scale employed, represent 
equal increments of the quantity measured. 
In some cases ( e.g . certain types of electrical 
meters) it is convenient to have a variable 
magnification, so that, for instance, the initial 
movement of the indicator, corresponding to a 
comparatively large measurement, occupies 
only a short length of the scale, while over a 
relatively short range, in the region where 
readings are ordinarily required, a more open 
scale is obtained. Even in such cases, however, 
it is desirable that the open part of the scale 
should be as uniform In spacing as possible. 
There may also be cases in which, from the 
very nature of the indicating mechanism, a 
uniform scale is not possible. In such cases, 
the scale has of course to be specially calibrated 
at intervals more or less frequent, according to 
the degree of variability in magnification which 
may be present. 

If we are dealing with a simple lever, and 
the angular rotation is proportional to the 
quantity measured, then, if a straight scale is 
employed, the displacement along the scale 
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will be proportional to tan 6 for a mechanical 
lever, or to tan W for an optical lever. If, 
however, a circular scale be used, with its 
centre at the centre of rotation of the lever, 
then the displacement on the scale is propor- 
tional to 0 simply, in either case, and the 
desired result is obtained. When very large 
amplitudes of movement are involved this is 
usually the only solution for the case of uniform 
angular movement of the lever. And it may 
be remarked that the constant length of 
pointer in the case of a mechanical lever, or 
the question of focus in the case of an optical 
one, makes a circular scale practically essen- 
tial, except for small amplitudes. 

Reverting to the three mechanisms described in 
section (L) above, we may repeat the equations 

(а) x^hd — ^rd 2 , - . (no term in # 3 ), 

( б ) x—KO . . . 

(c) x=*hd— Jr? 2 — 

If d be the deflection on a straight scale corresponding 
to an original motion x of the plunger, after trans- 
mission through the agency of the rotating arm of 
length I>, 


d=D tan 6 = T>6 4- D -r* for mechanical lever 

o 

03 

=D tan 2 6 =2D0 -f-8D— for optical lever. 
Hence in case (a) 

c h^ D 
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From the above equations it is evident that, except 
in cases where it is possible to make rJ27i very small, 
type (&) has the advantage over types (a) and (c) 
as far as concerns the range over which a reasonably 
constant magnification is obtained. It is to be 
noticed that in every case the coefficient of d 2 is 
essentially positive. Consequently it is not possible 
by any means to obtain an exactly uniform scale 
over any extended range. 

A somewhat fairer comparison between the 
mechanical and optical systems of magnification 
is perhaps obtained if we aim at the same total 
magnification in each case. This is obtained by 


doubling 7i in the cases where the optical lever ig 
employed. If at the same time we write 9~<p/2 9 
then for the same total amplitude we shall have 6 max. 
(mechanical) = <fi max. (optical). W© then get the 
amended results for optical levers : 



It is thus apparent that for the same magnification 
and range of motion the optical system gives a 
slightly less distorted scale than the mechanical, 
even when r/h is negligibly small and the distortion 
depends on <£ 2 . If rjh be considerable, then, the 
distortion depends on the term in r<pjh , and, except 
in type (6), the mechanical system gives four times 
as much deviation from a uniform scale as does the 
optical. 

For an optical indicator a straight scale is usually 
convenient. 


(v.) Various Other Types of Indicator . — * 
Many other types of indicator may be employed 
in addition to those just discussed. Most of 
these are described, in connection with specific 
pieces of apparatus, below, and we need do no 
more than, refer to them here. 

(a) The Gravity Piece. — This is a purely 
fiducial indicator, used in connection with the 
Whitworth and Pratt and Whitney type of 
measuring machine. 1 

( b ) The Tilting Level. — This is a reading 
indicator, used, for example, on the Newall 
type of measuring machine, 2 and, in a special 
manner, on the new sensitive gauge comparator 
devised by Mr. A. J. C. Brookes. 3 The tilting 
level is a reading indicator, and provided the 
bubble tube is accurately ground, gives a 
uniform magnification over its somewhat 
limited range. 

(c) The Liquid Indicator, exemplified in the 
Prestwich gauge, 4 in which liquid contained in 
a receptacle closed by a flexible diaphragm is 
forced by the motion of the diaphragm to rise 
and fall in a capillary tube. The uniformity 
of scale in this case depends on the nature of 
the diaphragm. Very high magnifications can 
readily he obtained, as the ratio of magnifica- 
tion depends on the ratio of the areas of the 
diaphragm and of the capillary section of the 
tube — i.e. on the square of the linear ratio of 
their diameters. The thermal expansibility of 
the liquid is, however, a drawback for any 
purpose involving protracted time intervals 
between successive observations. 

(d) The Telephone Contact. — Used by Dr. 
P. E. Shaw in connection with his multilever 


1 ** Gauges,” § (73). 
a Ibid . § (83). 


2 Ibid. § (72). 
4 Ibid. § (80). 



METROLOGY 


mici’ometer described above, and also in 
connection with liis measuring machine. 1 
This again is a fiducial indicator only. 

(e) Various forms of optical interference 
apparatus may be classed as indicators. See, 
for example, the descriptions of the Tutton 
wave-length comparator ; 2 of the Michelson 
interferometer ; 3 or of the Fizeau dilatometer. 
In this case uniformity of magnification is 
secured, but reading on a scale is replaced by 
the operations of counting interference bands 
as they pass some fiducial mark, and deter- 
mining the initial and final fractions of a band. 

(/) A new type of indicator, termed an 
“ ultra - micrometer,” has recently been de- 
scribed by Whiddington 4 and Dowling. 5 * * In 
this arrangement the effects of variation in 
electric capacity between a fixed and. a moving 
plate on the frequency and amplitude of the 
self - sustained oscillations of a thermionic 
valve are made use of to measure the relative 
displacement of the plates. The method is 
interesting and its possibilities have not yet 
been sufficiently explored. Dowling claims a 
sensitivity of reading corresponding to 10~ 8 in. 

X. Drawing Office Conventions 

§ (37) Marking of Drawings. — There are 
certain points in regard to the preparation and 
inscription of workshop drawings to which it is 
desirable to refer briefly. 

(i.) Standard Sizes of Sheets . — Considerable 
convenience in filing and otherwise dealing 
with drawings results from keeping the sheets 
used for various purposes to a certain limited 
series of sizes. There is not at present any 
definitely accepted series of sizes for this 
purpose, but a recent recommendation of the 
Committee on Optical Standards 0 may be 
quoted. This runs as follows : 

“ In order to facilitate the storage and 
handling of drawings, particularly the smaller 
sizes which, under modern practice, are used 
for the drawing of details for the shops, the 
committee recommends the adoption as 
standards of the following sizes of sheets : 


Double Elephant . 

. 40 x 27 inches. 

Imperial 

. 30 x 22 

77 

Half imperial 

. 22 x 15 

77 

Foolscap 

. 13 x 8 

79 

Note .... 

. 10 x 8 

97 

Index card sizes 

f 8x 5 
* \Cx 4 

77 

79 


For tho last four of the above sizes, standard 
cabinets are available for vertical filing in 

1 “ Gauges,” § (75). 

2 “ Comparators,” § (4). 

2 “ lane Standards,” § (7). 

1 Phil. Mat/., Nov. 1920, xl. 634. 

* Proc. Rot/. Dublin Soc., March 1921, xvl. (N.S.) 

No. 18, p. 185. 

0 Report on Standardisation of Elements of Optical 

\ Instruments, H.M. Stationery 'Office, 1920. 
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folders, an arrangement which promotes com- 
pactness and accessibility 5 

(ii.) Another point on which there is some 
diversity of practice is the question of the 
relative positions which plans, side, and end 
elevations should occupy on the sheet. If the 
plan be supposed to occupy the centre of the 
sheet, some drawing offices make a practice of 
putting on the left-hand side the elevation seen 
when looking towards the object from the 
right, and on the right-hand side the elevation 
as seen from the left. In this case the front 
elevation is placed at the top of the sheet, and 
the back elevation (inverted) appears at the 
bottom of the sheet. In other offices the 
exact reverse of this practice obtains, the 
elevation shown on the left-hand side being 
that seen when looking from this side, and 
so on. Theoretically there is no ground for 
preferring one system to the other. But it 
would obviously facilitate the reading of 
drawings generally if all were prepared on the 
same basis. In practice the second arrange- 
ment possesses a certain advantage in that 
usually shorter distances are involved in 
transferring dimensions by means of the tee- 
square or set-square from one view to tho 
neighbouring one. For this reason the Optical 
Standards Committee in the report already 
mentioned has recommended the general 
adoption of this system. 

(iii.) Figuring of Tolerances . — Various 
methods are in vogue for figuring tolerances 
on drawings. The nominal dimension may be 
given, followed by two limits of tolerancc—e.p. 

r+cr* 0003 
- 0"-0005, 

or, if the tolerance is all in one direction, a 
single tolerance figure is all that is needed, 
thus T'-0"-001. In some offices this notation 
is abbreviated by the use of a single legend on 
the drawing specifying the unit of tolerance ; 
for instance, in the above examples, the unit 
might be given as 0**0001, in which case the 
dimension with its tolerances could be written 

r + 3, 1" - TO, 

— 5 

respectively. Other offices again prefer to 
use the actual limiting dimensions in each case, 
and would accordingly write 

1*0003, I- 000, 

0-9995, 0*999 

for the two examples given. Yet another 
alternative favoured by some is to have a 
schedule of tolerances for different ranges of 
dimensions and grades of work, and to give 
on the drawing simply a letter or symbol 
specifying the grade desired in accordance 
with tho previously determined schedule. 
For this case the two examples might bo 
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shown, lor instance, as 1" C, 1 ,f Y respectively, 
and the drawing office and the workman 
would be able to interpret the symbols 
correctly by means of the schedule. This 
system has some advantage if there are a lot 
of parts of the same grade shown on one 
drawing, as it may then he possible simply 
to make a single legend on the drawing, such 
as efi Grade X throughout. 75 On the whole, 
however, it appears preferable that the 
drawing should give the workman in some 
form actual figures for the limiting dimensions 
he has to conform to ; and also the difficulty 
of reading the drawing, in case of need, by 
some other party not acquainted with the 
system of symbols employed is an important 
consideration. 

The system favoured by the present writer 
is as follows : 

(a) The /preferred size for each dimension 
should he given in full, and not each limit. 

(b) The tolerances, when definite limits are 
of importance, should also he given in full, 
either ± ±, or as in the first example 
quoted above. 

(c) Where an exact tolerance is not essential, 

but reasonable accuracy is none the less 
desired, the dimension may be quoted in 
decimals of an inch (or mm.), and it is then 
to he understood that a dimension so quoted 
is expected to be attained, as a general rule, 
within one or two units of the last decimal 
figure given. For example, a dimension given 
as T'-05 would be expected to lie between 
i'^04 and T'*06. But if given as T'-OfiO it 
would be expected to lie between T'*049 and 
l^OSl. The addition of a h- or a - sign 
after such a dimension would imply that the 
tolerance taken, if any, must all be on the 
side of the nominal dimension indicated by 
the sign. "A dimension given as 1**05 — might 
accordingly be acceptable if between B'-OS 
and T'-03, but would not be acceptable if 
greater than l // *05. The limits in such cases 
would not be binding, but merely a general 
instruction to guide to the workman, If the 
same limits were definitely imposed they 
would have to he written, respectively, as 
under (6), l"-05±0"-0l, 1 // *050±0' / -001, 

1 ^* 05 - 0 ^ 02 . 

(d) In cases where even rougher approxima- 
tions are permissible — e.g . over-all dimensions 
of non-machined surfaces — dimensions should 
be given in vulgar fractions, as for example 
It 1 /, 10 J", etc. Dimensions so given call 
for no accuracy other than ordinary care in 
the use of a rule. This scheme, if systematic- 
ally carried out, gives to the workman or 
other user of the drawing the maximum 
amount of information as to the intentions of 
the designer, with the minimum of labour. 

(iv.) Accumulation of Tolerances . — It is very 
important when dimensioning drawings so to 


arrange matters that each important dimension, 
with its appropriate tolerance, is independ- 
ently figured, and further to avoid redundant 
dimensioning where tolerances are involved. 
If the former is not properly done the addition 
of the tolerances on a number of separate 
elements, in order to ascertain that on some 
over-all dimension, may lead to the possibility 
of far too great variation being permitted on 
the latter. On the other hand, if the over-all 
dimension and tolerance are separately figured, 
in addition to those of other elements from 
which it may be possible to deduce them, 
then ambiguity is immediately introduced as 
to the interpretation of the tolerances indicated. 
For example, consider the crankshaft indicated 
in Tig . 32 (a). If in the upper half of the 
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Fig. 32. 

diagram we imagine each of the dimensions 
indicated above the axis to be allowed a 
tolerance ±1, we should arrive at a tolerance 
for the total length of the shaft, between 
journals, of ±11, an amount obviously ex- 
cessive in relation to that allowed on the 
individual elements. But if, for example, we 
add a limit of ±2 to the over-all dimension, 
as indicated below the axis, in addition to 
the tolerances on the individual elements, we 
at once find ourselves in a dilemma. What is 
the tolerance, say, over the distance AB ? If 
we go from A to B direct, adding up the 
individual tolerances from the left-hand side, 
we get ±8. If on the other hand we go from 
A to O and then back from C to B we get 
±2 ± 3 = ± 5. Which of these figures are we 
to accept ? Clearly the system, owing to the 
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redundant tolerancing, has become ambiguous 
and unsatisfactory. Moreover, the tolerance 
on AB ought obviously not to exceed that on 
AC. Yet by such a system it inevitably must. 

To obtain a clear and satisfactory arrange- 
ment it is essential, first, to select some datum 
line in the drawing from which all dimensions 
constituting any one group ma'y be figured, 
and secondly, to apply tolerance independently 
to each fundamental dimension as measured 
from this datum line, and not redundantly to 
subsidiary dimensions which can be deter- 
mined by addition or subtraction of those 
selected as fundamental. Naturally, in 
assigning the datum line a certain amount of 
liberty of choice is available, and attention 
must be paid (i.) to the relative importance 
of the various dimensions which could be 
selected as fundamental, (ii.) to the methods of 
manufacture, and (iii.) to the methods of 
measurement available. Two possible satis- 
factory methods of dimensioning the same 
crankshaft are indicated in Fig. 32 (6), above 
and below the axis respectively, that indicated 
below the axis being perhaps preferable from 
the workshop standpoint. j. e. s. 


Mic kelson’s Determination of the Length 
of the Metre in Terms of Wave-lengths 
of Monochromatic Light : description 
and results. See “ Line Standards,” § (7) (i.). 
Micro-balances. See “ Balances,” § (6). 
Microbarograph: an instrument, designed 
by Shaw and Dines, which records small 
fluctuations of the atmospheric pressure, 
to which ordinary aneroid, and even mer- 
cury, barographs are insensitive. See 
“Barometers and Manometers,” § (3) (vii.). 
Micrometer Caliper, workshop measuring 
instrument. See “ Gauges,” § (85). 

MICROMETERS 

Micrometric measuring apparatus consists of 
scales and screws, usually in combination. 
In general the function of the scale is to 
connect widely separated parts of the object 
measured, and of the screw to interpolate 
between the scale divisions. But in particular 
cases attempts have been made with varying 
success to dispense with one or other. Thus 
in measurements of star photographs for the 
Astrograpbic Catalogue many observatories 
have used scales alone ; a wide scale of 5 mm. 
intervals and a microscopic scale with 100 
divisions to the 5 mm. ; the unit of measure- 
ment being the estimated tenth of the second 
scale, or 0-005 mm. The advantage gained 
is rapidity, since no time is spent in turning 
the screw and in reading it, and the eye is not 
fatigued by being withdrawn from the micro- 
scope to read the screw-head ; the disadvantage 


is a certain loss of accuracy. On the other 
hand, in his pioneer measures on star photo- 
graphs about 1865, L. M. Rutherfurd used a 
long screw only, and obtained very good 
measures, but he found progressive errors in 
the screw and his attention was diverted to 
the construction of a better screw. In this 
he was so successful that he was able to rule 
beautiful gratings (for spectroscopic use) of 
17,000 lines to the inch ; and Rowland, 
following him, showed bow the residual errors 
of such a screw might he first detected and 
then automatically corrected during its use 
in ruling a grating. Michelson has carried 
this work to still greater perfection. 1 

But a long screw is in any case costly, and for 
ordinary use the mechanism is “ scale screw.” 

§ (1) Scales. — The divisions of a scale may 
be cuts on metal, or glass, or photographs of 
a matrix of ruled lines. Divided circles are 
usually of the first kind, and are read by a 
microscope having in its focns either cross-webs 
or parallel webs for setting on the division. 
Were the division itself a clean-cut rectangle 
the cross-web should be the better, for the 
equality of its intercepts on the two edges 
gives a very accurate test of the centring of 
the cross on the division. But in practice 
the edges of the division are ragged under the 
microscope ; and a pair of parallel wires, 
just wide enough to include the division, 
and set by regarding their average distances 
from the two ragged edges, has been found 
more satisfactory on the whole. 

Glass can be ruled very clean with a diamond, 
and glass scales are in general use for measures 
of photographs. L. M. Rutherfurd turned to 
them when he realised the errors of his screw ; 
and to-day, in measuring photographs of 
spectra with the highest accuracy, glass scales 
are commonly used. If a single microscope is 
employed the scale is placed parallel to the 
spectrum so that the microscope can be 
trained on one or other at will (it is, of course, 
essential that it should rotate in a strictly 
transverse direction without error). Or two 
microscopes may be clamped rigidly together, 
one to read the scale and the other to read 
the photograph. 

Matrices of plate-glass silvered, the silver 
being cut away in accurately ruled cross-lines, 
are used to impress a “ reseau ” on star 
photographs. The sensitive film (either before 
or after exposure to the stars) is placed almost 
in contact with the matrix and exposed to 
parallel light behind it, which, of course, shines 
through the ruled lines only. On developing 
the film these lines appear on the plate 
together with the star images. 2 A single 
microscope can then refer the star images 

1 For references see Mon . Not. R.A.S. liii. 229, 
and lxii. 245. 

a For some useful notes see Mon. Not. R.A.S. nx. 
530. 
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to the lines. Rut this convenient process is 
obviously not applicable to a spectrum which 
itself consists of lines. 

(i.) Virtual {Scales. — Various ingenious de- 
vices have been suggested for avoiding the use 
of an actual scale for spectra, especially in 
comparing several spectra. Thus J. Evershed 1 
suggests making a positive from one of them, 
and superposing this on each in turn, film to 
film. The positive and negative lines compen- 
sate each other, but only when coincidence 
is exact. Variation in this coincidence in 
different parts of the spectra is thus easily 
detected and measured. 

(ii.) Errors of Scales . — A good instrument- 
maker can supply scales of astonishing accu- 
racy, but the residual errors must always be 
determined. An elaborate investigation of 
the errors of a reseau is given by Sir D. 
Gill. 2 The errors range from about - -005 
mm. to -f -005 mm. and are determined with 
an accuracy of -0005 mm. In work of the 
highest accuracy such errors must always 
be determined and applied — as for instance 
in the parallax measures of the planet Eros. 3 
The determination of the division errors 
of a divided circle is a long and tedious 
process. If there are four microscopes sym- 
metrically placed, then by turning the circle 
through a quadrant at a time each quadrant 
may be compared with the others. Four 
reference points are thus fixed. Each of the 
intermediate arcs can be bisected by comparing 
the two halves, and each half can be bisected 
again. But as the subdivision is continued, 
not only does the work increase, but the 
accuracy diminishes owing to the accumulation 
of accidental error. Two important memoirs 
by M. Loewy and M. Eayet 4 describe a new 
arrangement of the work, which was found 
successful and which is founded essentially 
on a method of Bruns of Leipzig. By using 
divisors other than 2 a more equable distribu- 
tion of probable error is attained. But to 
determine the errors within 0-10" requires 
serious labour in any case ; and the same is 
true for a linear glass-scale for use in spectro- 
scopic measures. 

The permanence of the errors was satis- 
factorily established by Lewis Boss of the 
Dudley Observatory, Albany, who showed 
that when his transit circle was removed 
from one site to another, the errors had not 
been altered ; and the same success attended 
its transport to the southern hemisphere. 

§ (2) Screws. — The screw fills in between 
the divisions. Usually five complete revolu- 
tions of the screw carry the wires from one 

1 Kodailcmial Bulletin , xxxii. 

2 Mem . R.A.S. li. 1-27. 

3 See Mon. 1 Vot. R.A.S. ixvii. 175, This paper 
also gives some useful information on the further 
errors introduced when a photographic copy of a 
reseau is made. 

4 Amiales de PObservatoire de Paris , 1910, xxvii. 


scale division to the next, and the screw-head 
is divided into 100 parts. Reading each of 
these to one-tenth by estimation, *we get 
innnytk of the division-space. When this is 
5 mm. (as in the rcseaux of the Astrographic 
Catalogue) we therefore read to 0*001 mm. It 
is important to have this adjustment as close 
as possible (ho error of ‘ c runs ”), and for 
this purpose it should be possible to alter the 
length of the reading microscope, i.e. to 
separate the objective and the wires (the 
eyepiece is merely a detached reading lens), 
as well as to move the microscope as a whole 
for focussing, for which the ordinary rack- 
screw is convenient. The procedure then is : 

(1) Focus eyepiece on wires. 

(2) Focus scale in plane of wires and test 

<c runs.” 

(3) If “runs” not zero, alter length of 

microscope. 

If by oversight this third adjustment is not 
provided, an equivalent may sometimes be 
obtained by unscrewing the obj ective. 

It is important that photographic plates 
should be flat (plate-glass), otherwise the 
cc runs ” correction varies in a troublesome 
manner. Even with plate-glass there is a 
slight variation. 

Screws are unfortunately liable to wear with 
use. A good example is given by Sir D. Gill, 6 
in which errors amounting to 0-50" are found. 
But by arranging that two screws shall travel 
in opposite directions this effect of wear can be 
practically eliminated ; and the same happy 
result can be obtained with one screw by 
reversing measures. Thus adjacent to the 
above paper is the description of a measuring 
micrometer for astrographic plates by the 
same author, in which screws are proposed. 
Instruments of this type have given very 
accurate results, even though the screws have 
worn, simply because plates are measured 
twice, in reversed positions in the machine, 
and the effects of wear have been thus largely 
eliminated. Alternative instruments are de- 
scribed in later papers. 6 In this last paper it 
is stated that the probable error of a setting 
of the screw is not so high as ± 0-0005 mm. ; 
but the remark is added that the error of 
setting is only part of the error in measuring 
a star image, another large part being con- 
tributed by the photographic film itself.^ 

H. H. T. 

Microscopes, Micrometer, for comparator 

use : description, sources of errors, cali- 
bration, etc. See £C Comparators,” § (1) ( a). 

5 Mon . JSfot. R.A.S . lix. 73. 

8 Ibid . liii. 326 and lxi. 444. 

7 Bee Pub. Astr. Lab . Groningen , pt. i. p. 81. 
Some conclusions on this ultimate accuracy of 
measurement are also given in Mon. JSfot. R.A.S. lxi. 
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Millibar, : one thousandth part of a bar 
(q.v.). It is a pressure of 1000 dynes per 
square centimetre. As a unit of pressure 
it has considerable advantages over inches 
and millimetres in that it is a dynamical 
unit of force, and not a length. The millibar 
has been in general use by the Meteorological 
Office, London, since May 1, 1914. See 
“Atmosphere, Physics of,” § (1). See also 
“Atmosphere, Thermodynamics of the,”§ (2). 

Millionaire Calculator. See “ Calculating 
Machines,” § (9). 

Milne Seismograph. See “ Earthquakes and 
Earthquake Waves,” § (2). 

Minimeter : instrument for testing gauges. 
See “ Gauges,” § (81). 

Minimum Thermometer. See “Meteorologi- 
cal Instruments,” § (7) (iii.). 

Mirage : the image of an object which is 
seen displaced, usually vertically, by the- 
refraction of the rays of light in passing 
through the layers of different density 
near the ground. 


Inferior. See “ Meteorological Optics,” 

§ ( 9 )- 

Superior. See ibid. $ (10). 

Mock Sun Ring or Parhelic Circle : a 
white horizontal circle passing through the 
sun parallel to the horizon, and crossing the 
positions of the parhelia, paranthelia, and 
anthelion. See “ Meteorological Optics,” 
§ ( 22 ). 

Mock Suns or Parhelia : luminous or some- 
times brilliant images of the sun which 
occur most frequently at an angular distance 
of about 22° from the sun, the distance 
increasing slightly with the altitude of the 
sun ; they are also occasionally, but rarely, 
seen at a distance of about 44°-46°. See 
“ Meteorological Optics,” § (22) (ii.) and 
(viii.). 

Moisture in the Atmosphere. See “ Water- 
vapour.” 

Munroe Calculating Machine. See article 
“ Calculating Machines,” § (11). 


N 


Napier s Bones. See article “ Calculating 
Machines,” § (I) (ii.). 

Nephoscope : an instrument for measuring 
the direction of motion and speed of clouds. 
See “ Meteorological Instruments,” § (33). 

Neuhoee, O. : equations of adiabatic lines of 
saturated air. See “ Atmosphere, Thermo- 
dynamics of the,” § (21) and Fig. 15. 

Nickel-steel Alloys : composition, their 
general classification. See “ .Line Stand- 
ards,” § (4) (ii.). 

Night-sky Recorder. See “ Meteorological 
Instruments,” § (20). 
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This process is at once seen to possess 
several disadvantages. The most important 
is the fact that the act of reading off the 
value of y corresponding to a given value of 
x is troublesome, and the result is inaccurate. 
An alternative method suggests itself. Take 
a straight line, and on one side of it mark off 
equidistant graduations to represent values 
of x. On the other side of the lino mark off 
the corresponding values of y : in the present 
example these . graduations are also equi- 
distant. Wo got Fig. 1, a compact chart in 
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I. Aim of Nomography 

§ (1) Graphical Methods. — The ordinary 
process of graphical computation consists in 
drawing a curve which represents the relation 
between two variables. Thus suppose it is re- 
quired to exhibit in a graphical form the relation 
between temperature in Centigrade measure 
and temperature in .Fahrenheit measure. 
If the temperature is x° C., and y° F., we have 
the equation y - 32 =9«/5. Hence the relation 
is shown by taking a pair of rectangular axes 
x, y, and drawing the straight line y = l -Sa; -I- 32 : 
for any given value of *, the corresponding 
value of y is given by the ordinate of that 
point on the line which has the abscissa x, 
and vice, versa. 


which the reading can bo carried out with 
ease and with accuracy. 

We thus sec that oven with only two 
variables the Cartesian mode of representation 
is not necessarily the most convenient. In 
many physical investigations we have to 
collate the values of three or even more 
variables. Take, for example, the formula 
ywj — RT, the property of a perfect gas, R 
being a given constant. A single curve 
cannot represent the relation between the three 
quantities p, v, T ; wo have to draw a curve 
for p and v for each of the different values of 
T that occur. Wo get a family of rectangular 
hyperbolas as in Mg. 2, and if wo wish to 
read off the value of T corresponding to 
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given values of p and v, we must find the 
point whose co-ordinates are (p, v) and judge 
on which T curve it lies. In general this 
involves interpolating be- 
tween different T curves, 
leading to considerable 
inaccuracy. Further in- 
accuracy is caused by the 
difficulty of plotting the 
hyperbolas themselves. 



Fin. 2. 

It is true that ve can simplify the work by 
using logarithms, so that 

log p -+■ log log T + log R. 

Corresponding to any given value of T we 
now have a straight line, and for different 
values of T we get a family of parallel straight 
lines. Thus in this instance the difficulty of 
plotting is eliminated ; but the difficulty of 
reading and interpolating remains, and is in 
fact increased 

The method of contours for three variables 
has its place in such obvious and valuable 
applications as contour maps ; for purposes 
of graphical computation, however, it is in- 
adequate, and is, moreover, inapplicable to 
more than three variables. * 

§ (2). — In many scientific and technological 
investigations it is necessary to solve quad- 
ratic equations, and it becomes a matter of 
considerable importance to have a means of 
solving expeditiously and accurately the 
equation x 2 + aas+- b =0, in which a and b 
can assume all values within certain ranges. 
The fundamental graphical process would 
consist in plotting the curve y = x 2 -f acc + b 
for the particular values of a and b that occur 
in each such equation, and noting where the 
curve cuts the line y = 0 . It is obviously 
impracticable to carry out the plotting for 
each ease that has to be solved, and we soon 
realise in fact that this is unnecessary. If we 
plot the curve y=x*-±-ax for any given value 
of a, we can use it to solve the equation 
x^+ax+b — 0 for this value of a, and any 
value of b ; this is done by noting where the 
graph is cut by the line y = - 6. We are 
still left, however, with the task of plotting 
the family of parabolas y = x 2 +ax 9 and 
further it is not convenient to read off where 
such a parabola is cut by a line y = -6, unless 


the lines y = — b for the range of values occur- 
ring in the work in question are also plotted 
on the same graph. 

We can obviate these difficulties as follows. 
Draw the parabola y^= -x 2 , and for given 
values of a, b draw the straight line y = ax + b . 
The x co-ordinates of the intersections are 
obviously the solutions required for these 
values a 9 b. The straight line need not be 
drawn at all ; we can use instead a straight- 
edge, which is made to pass through two 
points which define the line for these values 
of a , 6 . Such points are, for example, nr ~ 0 , 
y~b; a; = 1 , y = a-\-b. Hence, to solve the 
equation x 2 -\-ax -f 6 = 0 for any values of a, 6 , 
we draw the parabola y^-x 2 once for all ; 
on the y axis we take the point 6 , on the line 
£ = 1 the point a+b : the join of these points 
cuts the parabola in points whose abscissae 
are the solutions required. 

. We have arrived at the main aim of nomo- 
graphy ; we have an Alignment Chart in 
which the three related quantities a 9 b, x 
define three eollinear points on three loci. 

§ (3) Method or Alignment. — T he method 
of eollinear points, as suggested in § ( 2 ), is 
rendered still more valuable if for any given 
relation between three quantities a, b 9 x we 
can. devise three graduated curves so that the 
graduation a on one curve, the graduation b 
on another curve, and the graduation x on the 
third curve are eollinear if a, 6 , x obey the 
given relation [Fig. 3 ). That such a process 



is a mathematical possibility is .easy to see. 
All straight lines which pass through a given 
point, say x on the x curve in Fig . 3 , belong 
to a family, and therefore the graduations in 
which any one of them cuts the a, b curves 
must bear some constant relationship to the 
particular x point. There is thus an equation 
connecting a, b 9 x; and the x graduation on 
any line cutting all three curves is the solution 
of the equation with coefficients involving 
the a, b graduations on this line. 

In Fig. 4 we have rectangular axes £, 77. 
Take the line f == - 1 for the a scale, and the 
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line £ = 0 for the 6 scale : draw the hyperbola 
n=z — £ 2 /(£-l- 1) for the x curve. Graduate the 
a, b scales like the r) axis, and graduate the 

a h 



x curve so that at any point on it the value 
of x is the ratio rj /£ at the point. We can 
prove that for three collinear graduations a, 
b 9 x we have the relation a; 2 -f a# 4* 6 = 0. The 
line joining the points a, b on the a , b scales 
has the equation rj = 6 + (6 - «.)£. But x^rj/% 
where vj = — £ 2 /(£ + 1)* Hence at the x gradua- 
tion on the hyperbola we have the equality 
a?= -£/(£ + l), i.e. £ = 1). Thus 

a*f |=6 — a — 6^1'+^ » 

and the result follows. We shall see later 



Fig. 5. 


(IV.) how this construction Is obtained a 
priori. 

Again, consider the relation pv = RT for 
some given value of R. In 5 we have 


three parallel logarithmic scales p, v , T, the 
T scale being half-way between the p, ^ scales, 
and graduated with half their unit. Also the 
T scale begins at the point on its line where 
it is intersected by the join of the point 1 
on the p scale and the point R on the v scale. 
For three collinear graduations p, v , T we 
have by elementary geometry 

log p -f log log R -+■ | log T), 

showing that the three graduations are con- 
nected by the relation pv = RT. 

In both Fig . 4 and Fig . 5 we have alignment 
charts in which the related quantities, a, 6, x 
in Fig. 4, p, v, T in Fig. 5, correspond to 
collinear graduations on their scales. Each 
figure is a nomogram ; each is the graphical 
representation of a certain law ( nomos in 
Greek) for all values of the variables that 
enter into the expression of the law. 

II. Parallel Uniform Scales 

§ (4) Addition and Subtraction. — In 
order to grasp the fundamental idea of the 
subject consider Fig. 6. We have a , 6, two 



6 Fig. 6. a 


parallel lines each graduated uniformly, but 
not necessarily with the same unit. We shall 
construct a nomogram for x •= a -b b. In order 
to get ££ = 5 we can have a = 0, 6 = 5; a = 1, 
6 = 4; a = 2, 6 = 3, etc. ; and, in fact, if we 
draw the lines joining « = 0 to b = 5, a = l to 
6 = 4, a = 2 to 6=3, etc., we find that they all 
pass through the same point. Mark this 
point 5. Again, take x = 10, so that wo can 
use pairs of values a = 0, 6 = 10; 1, 6 = 9; 

a = 2, 6 = 8, etc. ; we again get a common 
point of intersection, which we mark 10. Do 
the same for x = 15, x = 20, etc. We at once 
see that for any value of x we got one point, 
that all such points lie on a line parallel to 
the a, 6 scales, and that the graduations 
obtained on this line give a uniform scale. 

This automatic process thus gives the 
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required nomogram, assuming, as suggested 
in § (3), that a nomogram is possible. The 
nomogram can be readily devised by mathe- 
matical argument, using the geometrical fact 
that if three parallel lines are graduated 
uniformly, then three collinear graduations 
are connected by a linear relation. 

The nomogram, in Fig * 6 gives subtraction 
as well as addition, since if a:=a4& we have 
also a = x - 6. 

An alternative nomogram for addition and 
subtraction is obtained if the a, b graduations 
are taken in opposite senses, instead of in the 
same sense as was done in Fig . 6. The reader 
can construct it for himself, either by calcula- 
tion or by the automatic process. 

§ (5) Extension*, — A n exactly similar 

method can be used for the more general 
relation x=zla + mb 9 in which Z, m are given 
constants, with exactly similar results. Two 
nomograms are obtainable, one with the 
a* b scales graduated in the same sense, and 
one with graduations in opposite , senses. If 
we have x^la^mb 4?i, in which l 9 m 9 n 
are given constants, the method is still 
applicable. 

The method can be at once generalised to 
deal with any formula such as the following, 
x = ^la~J r mb-{-nc-\-pd+ . . . 4 <$, in which Z, 
m, n 9 p, . . s are given constants. First 
make a nomogram for x ± == la 4- mb 4- s, then con- | 
struct one for % 2 = x x -i-nc 9 then for aj 3 = aj 2 -{-pd 9 
and so on. At each stage we choose the one or 
the other of the two possible alternatives in 
such a way that the graduations do not become 
too fine for tolerably accurate reading. Tote 
that the intermediate scales x l9 x 2) . . . need not 
he graduated at all ; since, in proceeding from 
. to all we require is the geometrical point 
on the x ± line which represents the value of 
Za+mb-t-s 9 and not the actual value itself; 
the same applies in proceeding from x 2 to x Z9 
etc. These intermediate ungraduated lines 
are called reference, or pivotal lines : for an 
example see Fig . 9. 

§ (6) Application to Tomogram for 
Mixtures. — For actual addition and sub- 
traction we do not, of course, use nomograms. 
There is yet great value in the simple prin- 
ciples thus far evolved. As an example we 
shall work out in some detail the nomographic 
solution of the following problem. It is re- 
quired to mix three substances of given densities 
so as to produce a mixture of prescribed 
density ; to find the percentage to be used of 
each constituent There are clearly an infinite 
number of possibilities, and the question 
is to indicate in nomographic form, all the 
possibilities. 

Consider first a particular case. Let sub- 
stances a 9 b y c have densities 1-5, 2*5, 4 re- 
spectively, and let the prescribed mean density 
be 3. If we represent the percentages by the 


symbols a, b , c , we have a 4& 4 c = 100 ; also 
l*5a4 2-56 4 4c = 3(a 4 b 4 c). Thus we obtain 
1 '5a 4 *56 = c, so that 3 a 4 b = 2c. Eliminate 
c and we deduce 5a 4- 36 = 200. Now draw a, b 
scales parallel to one another and graduated 
uniformly with the same unit in the same 
sense, the line joining the zeros being per- 
pendicular to the scales. Take the mid point 
of this line to be the origin of co-ordinates 
£, 7j> the £ axis being along this line and 
positive on the side of the a scale, 'with f 
unit such that the distance between the a 9 
b scales is 100, while the rj axis is parallel 
to the a, b scales and measured in the 
same manner as these scales. Consider a 
line passing through some point (£, ??) and 
having gradient fc, the intersections of this 
line with the a, b scales have graduations 
a = 7) 4 Jc(50 - f), 6 = + jfe( - 50 - £). Since 

5a 4 - 3b = 200, we get 200 = 8*7 4 &(1QG — 8 £) ; and 
this is to be true for all values of h ; hence we 
must have £ = 12*5, 97 = 25. Take the point thus 
found ; any line through it cuts the a, b scales 
at graduations satisfying the conditions of the 
problem. The value of c corresponding to 
any pair of values a, b can be got by subtract- 
ing a 4 b from 100. W© can, however, work 
c into the nomogram conveniently and thus 
avoid all calculation. Take the c scale along 
the rj axis, beginning with zero at the point 
77 = 50 and ending with 100 at the origin, so 
that the unit of the c graduations is half the 
a, b unit. It is readily verified that a line 
defining a , b so as to satisfy the conditions 
of the problem also gives c as the graduation 
of its intersection with the scale thus drawn. 
If then we let a straight-edge pass through 
the point (12*5, 25), and turn round this point 
as pivot, its intersections with the scales give 
all possible solutions of the particular problem 
enunciated. 

In generalising the construction we have 
to consider separately two cases. 

(i.) Case I. — If the prescribed mean density 
lies between the highest two of the given 
densities, as in the particular problem just 
solved, let a 9 6, c be arranged in ascending 
order of density, and let their densities be 
d l9 <# 2 , d s ; let the prescribed mean be d . 
Put l~d~ d l7 m,~d-di 19 n = d z ~~d. We get 
a 4 b 4 c == 100 , la 4 mb = no, so that wo have 
(l + n)a-+(m, + n)b== 100 n. A line through the 
point (£, 7 ]) with gradient h cuts the scales 
at the graduations given by the expressions 
a = 7 } 4 &(5 0 - £), b = 7j 4 Jc( - 50 — £), and we 
therefore have the following simple relation 
100 n = (Z4m4 2n)rj 4 Jc ( 50 . I — m — Z 4 m 4 2 n . £) 
for all values of k, i.e. for all lines through the 
definite point (£, 77 ). Hence we get the pivot 
| =50 (l -m)/(i4m4 2 n), 77 = 100 n/(l 4 m 4 2 n), 

and the solutions are given by all possible 
positions of a straight-edge through this pivot. 
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(ii.) Case II. — If the prescribed mean density 
lies between the lowest two of the given 
densities, let a 9 b 9 c be arranged in descending 
order of density, and let their densities be 
d l9 d 2> d Z9 the prescribed mean being d . 
Put Izzzd-L — d 9 m = d 2 — d 9 n~d — cZ 3 ; we get 
a + 6+ c = 100, let ”b mb = nc, and we can proceed 
exactly as in Case I. 

The finding of the pivot point for any parti- 
cular problem can also be facilitated by means 
of a graphical construction. In Fig . 7 the 
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graduations on the line marked l/m are such 
that at any point on this line the graduation 
gives the ratio of the segments into which 
the line is divided between the zeros of the 
b 9 a scales- The graduations on the line 
marked are such that at any point 

on it the graduation gives twice the ratio 
of the segments into which this line is divided 
between the zeros of the c, a scales. To get 
the pivot point for given values Z, n 9 wo 
take the point on the l/m line whose gradua- 
tion is the given value of ljm 9 and note the 
oblique lino defined by this point ; we then 
take on the (l-hm)/n scale the point whose 
graduation is the given value of (l~\~m)/n 9 and 
note the horizontal line through this point. 
The intersection of the two lines thus obtained 
is the pivot required. 

In investigations and in technological pro- 
cesses where the making of blends or mixtures 
is of importance, the nomogram of Fig. 7 
is of great value, and a little practice with 
some particular cases makes the graphical 
computation simple and accurate. 

Note the network of lines used in this 
nomogram ; wo shall see later (VI.) that this 
is due to the fact that we have really four 
independent variables, viz. a, h 9 and the ratios 
l : m : n • 


III. Parallel, Logarithmic Scales 

§ (7) Multiplication and Division. — It is 
clear that if we take the nomogram for 
x = a 4- 6, and instead of graduating each scale 
uniformly we graduate them logarithmically 
(as on the slide rule), making in each scale 
the 1 to 10 interval of the logarithmic gradua- 
tions proportional to the unit in the uniform 
graduations, then we get a nomogram for 
X = AB, where X represents I0°% etc. This 
figure can therefore be used for multiplication 
and division. As an example we have the 
relation p?; = RT for a given value of R, 
already considered, § (3), Fig . 5. 

The nomogram in Fig . 5 is constructed 
without any reference to the particular ranges 
of the variables for which the chart is required. 
If these ranges are given we choose such 1 to 
10 intervals in the scales as make the given 
ranges correspond to about equal lengths on 
the two scales, filling up the sheet of paper 
or card on which the chart is drawn. 

§ (8) Extension. — The extension to more 
general problems in multiplication and division 
is so obvious that we shall merely give one 
or two instances of actual nomograms, with 
a few words of explanation where necessary* 
In Fig, 8 we have a nomogram for the formula 
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R = SV a /800, which gives the resistance Ii in 
lbs. weight to a parachute of area S sq. ft., 
falling with a speed V ft. /sec. in air of ordinary 
density. 

When we have more than three variables, 
and have to multiply given powers of these 
variables, we introduce reference lines as 
explained in § (5). In this way we can deal 
with any formula like X — • S A)'B rn O n D^ . . 
where S, l 7 m, n 9 p , . . are given constants. 
It is important to remember the precaution 
mentioned in § (5) with regard to the senses 
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o£ the graduations on the successive scales 
so as to get the final graduations sufficiently 
accurate. 

As an illustration, consider the problem of 
finding the value of the horizontal component 
of the earth’s magnetism at any given place. 
If, we use a steel bar of moment of inertia K, 
and when it has been magnetised we observe 
the number n of half- oscillations it makes 
per second when swinging in a horizontal 
plane under the influence of the earth’s magnet- 
ism, and also find the deflection 0 it gives 
at distance r from a magnetometer needle 
in ec end on ” position, then the horizontal 
component of the earth’s field is given x by 

H = Trn 2K> ” ^ tan ~ - &. 

For a given steel bar K is known once for all, 
and so we have H in terms of the three vari- 
ables n, r, Q. Taking K = 380, say, we get 

H=86-6nr““2 tan""^ 0. 

The nomogram for this formula is given in 
Fig . 9. "We first construct one for the quantity 



r* tan& <9/86*6, using a logarithmic scale for r 
and a logtan scale for d. The resulting scale 
need not be graduated, since it is a reference 
line as explained in § (5). We then fit on a 
scale for n so as to give the value of H. The 
cross lines in Fig , 9 indicate the order of the 
operations in using the chart. 

IY. Parallel Co-ordinates 

§ (9). — We now proceed to the consideration 
of more complicated nomograms, that can be 
constructed by using two parallel scales, uni- 
formly graduated, for the two variables a, b 
in terms of which a third quantity x is 

1 Glazebrook and Shaw, Practical Physics , p. 461. 


defined. The quantities a 9 b are said to be 
measured in parallel co-ordinates . The x scale 
will not in general he straight, and we shall 
refer to it as the x curve. 

§ (10) Quadratic Equation : Automatic 
Method. — To commence with, we take the 
equation H- aa; 4- & = 0, in which we are given 
that a can have any value between 0 and 100, 
while b can have any value between 0 and 
— 10,000. Take convenient units so that the 
a 9 b ranges are given by more or less equal 
lengths : in Fig . 10 we have made the a unit 



Fig. 10. 


100 times the b unit. Having graduated 
these scales, we then find the points on the 
x curve as follows. It is obvious that with 
the given ranges the positive root x can have 
any value between 0 and 100. (We only 
need to find one root, since the other is given 
by the fact that the sum of the roots is - a, 
and their product is -f &.) Take a? = 10 : find 
two equations having 10 as a root in each 
case, for instance x 2 -f 100a; — 1100 =0, and also 
x 2 -h 50a? — 600 = 0. Hence for x = 10 we can 
use a = 100, b= -1100, and a = 50, 6 = -600. 
Find the point of intersection of the lines 
joining these two pairs of a, b values, and 
we have the point 10 on the x curve. 
Take x = 20 ; we can use the pairs of values 
a = 100, £=-2400; a = 50, b= -1400; and 
the intersection of the lines defined by these two 
pairs is the point 20 on the x curve. Proceed 
in this way till a; =100. We have the x curve 
by drawing a smooth curve through the 
points thus obtained, and subdivisions can 
be inserted if desired. In Fig. 10 the gradua- 
tions on the x curve appear to be equidistant, 
but this is a mere accident. 

§ (II) Analytical Method. — The auto- 
matic method has the advantage of being 
easy to carry out practically, and also that 
the given ranges can be worked into the 
nomogram so as to give the best figure and 
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tlie most accurate results. The analytical 
foundation of the process can be put in the 
following form. 

Suppose that we have to solve nomo- 
graphically an equation of the form 

A (x)a + B (x)b +1=0, 

where A(»), B(a;) are given functions of x, 
and a, b are the variables which determine any 
particular root x. Using rectangular co- 
ordinates |, 7 ], let (£, i?) be the point x on the 
x curve, the a scale being the line £ = - 1 , 
the b scale the line £ = 0 , each graduated in 
the same manner as the r\ axis. Any line 
through the point (£, tj) which cuts the a, b 
scales at the graduations a, b has the equation 

v = b + (b-a)£, 

i.e. a 3JJ£±lK 1 = 0 . 

V V 

If this equation is to define the graduation x 
at the point chosen, then the relation between 
a and b in this equation must he the same 
as that given by A(x)a-h E(rr )6 + 1 =0 for an 
infinite number of pairs a , 6 . Hence we get 

A0r) = |, B(a;)= — — — 

so that 

A(a;) 1 

A(;c) + B(V)’ V A(x) + B(^)‘ 

Thus we have the co-ordinates of the point 
(if, Tj) on the x curve defined in terms of the 
parameter x itself, and the x curve can be 
immediately plotted and graduated. 

Returning to the quadratic equation 

x 2 + ax + b = 0, 

write it in the form a/x+ b/x 2 + 1 = 0 , and 
use A(a:) = l/a;, B(a;)=l/x 2 . The results 

£ = - x/(l + x), 7 ]= — x 2 /(l + x) follow, yielding 
the equation 17 = -£ 2 /'(£ + 1 ) for the x curve, 
the manner of graduation being indicated by 
the relation x =•>}/£. This is the way in which 
we constructed the nomogram in Fig. 4, due 
to M. d’Ocagne. 

While the automatic process is best for 
practical construction of a nomogram, the 
analytical method can be used to devise new 
kinds of nomograms. Thus the equation 
a 2 + ax -I- b = 0 can be written - a'x - b'[x+ 1 = 0 , 
in which a' - - 1/a, b' = - b/a. This means that 
A(x) = - x, B(.r) = - 1/x, giving £ = - x 2 /(l + x 2 ), 
7 ) = x/(l + x 2 ). We easily deduce that the 
a; curve is the circle £ a +ij a + £ = 0. This 
is an interesting form of nomogram for the 
quadratic equation, due to JE. T. Whittaker. 
It has the great advantage that the x curve 
can be drawn very easily and accurately : 
also the x graduation is simple. D’Ocagne’s 
nomogram is, however, better in practice, 
because the a, b graduations are uniform in 
this nomogram, and therefore it is easier to use. 


§ (12) Cubic amd otheb Equations. — 
The cubic equation in the reduced form 
x 3 + ax + b = 0 can be treated in exactly the 
same way as the quadratic. In the analytical 
method we now have A(x) — 1/x 2 , B(x) = l/a: 3 , 
since we can write the equation in the form 
a\x- + b/x s +1=0. Hence £ = —x/(l + x) and 
7 ] = — x 3 /(l + x ) for the point x on the x curve. 
The equation of the x curve is i 7 =£ 3 /(£+ l) 2 , 
the graduations being given by x 2 = t][^ (see 
§ (15) and Fig. 14). 

Trigonometrical equations can be treated 
similarly, thus a tan x +b see a;+l =0 gives 
£=^ a , with the graduations defined by 
sin a: = (l -£)/(l •+•£)• The a scale is along 
£ = 1 , the b scale along £= — 1 . 

If we take an equation of the type 
A(a:)a+ B(z) 6 + 1 = 0 , the process would he 
carried out as follows. Let the equation be, 
e.g., sin x=a-h bx, x in radians, a ranging from 
0 to 1,6 from 0 to — 0-5. Take the b scale 



a b 


with twice the a unit, as in Fig. 11. Take 
6=0: then for x = 0, 10°, 20°, 30°, 40°, 50°, 
60°, 70°, 80°, 90°, we get the following values 
of a : 

a = 0, 0*17, 0-34, 0*50, 0*64, 0-77, 0-87, 

0*94, 0-99, lz 

for b = - 0*5 we get the values 

a = 0, 0-26, 0*52, 0*76, 0*99, 1*20, 1*39, 

1-55, 1 * 68 , 1*79, 

Drawing the two sots of lines thus obtained, 
we get the points on the x curve and the 
graduations. As a cheek we can take a third 
value of b and draw a third Bet of lines : these 
must pass through the points defined by the 
first two sets. 

An equation in the form 

a A<:r) 6 B(a:) r= CJ(^) 

is treated by taking logarithms, so that 

A(x) log a 4 - B(a;) log 6 — log C(x), 

2 T 


von. xrr 
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and we use parallel a 9 b scales graduated 
logarithmically. The nomograms of Part 
III. §§ ( 7 ) etc. are all special cases of this 
type. An equation of the form 

a A <^>[B(a:)] & = C(a:) 

gives, on taking logarithms, 

A(x) log (c 4“ log B(a;) . 6= log C(x), 

so that we have to use parallel scales a , b 9 of 
which one is graduated uniformly and the 
other logarithmically. It should be pointed 
out that in the analytical method we can use 
any two lines parallel to the 7) axis for the 
a 9 b scales : in each case a preliminary trial 
would determine the best choice. 

V. INTERSECTING SCALES 

§ ( 13 ) Analytical Basis. — The method of 
Part IV., essentially one based on tangential 
co-ordinates, can be applied with a y b scales 
not parallel. Yo matter what angle two lines 
make with one another, if a, b are the inter- 
cepts on these lines considered as axes of 
co-ordinates £, ^ of a line through the point 
(?* v)y then we have f/a- 4- 17/6 = 1. If, then, we 
have the equation A(a;)/a+B(a:)/i) = l, we must 
use g=zA(x), ?7 = B(a:) in order to get the 
relation required between a y b and the gradua- 
tion x supposed associated with the point 
chosen. The construction of the nomogram 
is now obvious. 

As an example, let A(x)=x, B(x)=x 9 and 
we get £ = 2;, t]—x, so that the x curve is the 
straight line 97 =£. In this way we get the 
nomogram in Fig. 12 for the optical formula 
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lju+ 1/v = 1//, a nomogram which is men- 
tioned, but not as such, in many elementary 
books on Light. 

If we make the angle between the £, tj 
axes 120 we find that the units are the same 
on all three scales, and we can deal wi th the 
addition or subtraction of any number of 


reciprocals, provided that some care is exercised 
with the choice of signs in the even operations. 

§ ( 14 ) Z Charts. — Consider the equation 
x — a b , so that log x = b log a. To construct a 
nomogram for this relation we need a process 
for multiplying the logarithm of any quantity 
ct by any quantity b . Similar triangles at 
once suggest themselves, and Fig. 13 is the 
nomogram required : a and x are logarithmic 
scales, and the scale b is so graduated that the 
number attached to any point on it is the 
ratio of the segments into which the line is 
divided between the x 9 a scales. This is a 
segmentary scale, as already used in Fig . 7 , 
§ (6). The graduations x\ in Fig . 13 give the 



values of a/=a-*\ It is clear that Z charts 
can be constructed for any relation of the 
form X(a?)=A(a) B ^). 


VI. Four Variables 

§ ( 15 ) General Cubic Equation. — In 
Parts IV. and V. we restricted ourselves to 
three variables. When there are more than 
three variables one of two cases can arise. 
Either the variables can be taken in order 
one after the other, as, for example, in the 
formula X = SA l B w C n D 35 ... In this case 
we merely have a succession of nomographic 
processes joined up by means of reference 
lines (see § (8)). It may happen, however, 
that the variables are not thus separable. 
One example has already been treated, § (6), 
Fig . 7. 

We now examine the case of the general 
cubic equation, which we shall write in the 
form x 3 4- ax-h b — 0. The cubic equation 
01 § (12) is a special case in which w = We 
get a chart for all values of n by simply working 
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out a series of nomograms, on the same sheet, 
using a number of values of n. Analytic- 
ally this means that, using the method of 
§ (11), we have the form 


° .+ ^-, + 1 = 0, 


so that 


Hence 


x 2 4- nx x 3 4 nx 1 
A(x) = - 5 - 7 —'- > B(^) = 


X 3 4 


,2" 


£ 1 , ^ £4 1 1 

7 ] x 2 4 ’ V + nx 2 *' 


and we get 


X 

' 14V 


x 3 4 nx 2 
l + » * 


We notice that the # graduations are given 
by as = — £/(£4 1), so that, in terms of £, x is 
independent of n . In the nomogram of 
14 the a; graduations are indicated by means 
of straight lines parallel to the a, b scales, 
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and the values of n are attached to the various 
x curves. 

§ (16 ) Nomogram iron a Problem i:n 
Navigation. — To find the direction in which 
a ship is sailing with reference to a given 
landmark P, observations of the bearing of 
P are taken from three positions A, B, C of 
the ship. In this way the angles APB = a, 
BPC = /3 are obtained ; also the ratio, k, of 
AB/BC is known. If the angle PBC is called 0 
we easily find that the following equation holds : 
(1 4 k) cot 0 = k cot a - cot ft. A little considera- 
tion shows that we can assume k greater than 1. 
To get a nomogram for different values of all 


the variables involved, we work out nomo- 
grams on the same sheet for a number of 
different values of Jc 9 the variables in each on© 

ft 


25 


30 


--35 

--40 

--45 

--50 

55 

— 60 

— es 

-- 70 

— 73 
-- 80 
--85 

-Loo 

ft 


being a, ft, 0. We thus get Fig. 15, due to 
S. Lister. 

VII. Other Methods 

§ (17). — While referring the reader to the 
books mentioned below for further and more 
detailed information on the subject of nomo- 
graphy, it will bo useful to indicate briefly one 
or two extensions of the methods described 
above. 

§ (18) Hexag onal Charts.— Nomograms 
with intersecting scales suggest what are 
known as hexa- 
gonal charts. In 
Fig. 16, OA, OB, 

0 0 are three 
lines making two 
angles of 60° each . 

If from any point 
P we draw per- 
pendiculars PA, 

PB, PC to these 
lines, meeting 
them at A, B, O respectively, then* wo have 
OA 4 OB = OC no matter what point P is 
taken. If we put logarithmic scales along 
OA, OB, 0(3 we have an obvious moans of 
carry i ng o ut m ulti plication and d iv ision, as 
in III. Per purposes of reading we use a 
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transparent sheet (celluloid) on which are 
drawn three lines making two angles of 60° 
each, and place it on the chart so that the 
lines on the transparency are perpendicular 
to the lines on the chart. A further extension 
is obtained if we introduce a fourth scale OD 
along AO produced. 

§ (19) Combination Charts. — The com- 
bination of nomograms, as used in § (8)* Fig. 

9, can be extended 
g to the case of Z 
charts. This is 
illustrated in Fig . 
17, where a, b , and 
the line AB form 
one Z chart, and x> 
c , and the line AB 
form another. AB 
is thus a reference 
line, and remains 
ungraduated. The 
figure leads at once 
=ac/6, with obvious 



Fig. 17. 


to a nomogram for 
extensions. 

§ (20) Empirical Nomograms. — Suppose 
we have experimental observations connecting 
three quantities a, 6, or, and suspect that 
there is a certain type of relationship between 
the three, we can decide the point by trying 
whether the observations can be worked into 
a nomogram suitable to the type of relation 
suspected. Thus if we think that X(a;) ~a l b m 
might suit the observations, where X(ru) is 
an undetermined functional form, and l 9 m 
are unknown constants, we take parallel 
logarithmic scales for a, b and use the auto- 
matic process for a number of values of cc : 
the surmise is correct if the different a , b lines 
for any x do actually meet in a point, and the 
different points are eollinear. The value of l/m 
is then determined by the relative distances of 
the x line from the a , b lines, and the complete 


empirical formula follows by comparing the # 
graduations with a logarithmic scale. A similar 
process can be adopted if some other type of 
relationship is thought to be the correct one. 
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Normal Exchungs Kommission Alcohol 
Tables. See “ Alcoholometry,” § (4). 

Normal Equations, The Solution of: per- 
formed by the elimination between equations 
in pairs, or by expressing the value of any 
unknown as a determinant, which is to be 
evaluated in a schedule. See “ Observa- 
tions, The Combination of, 95 § (7). 

Notch Meters. See “ Meters,” § (31). 

N.P.L. Four-metre Comparator : descrip- 
tion and method of use. See “ Com- 
parators, 5 ’ § (8) (i.). 

N.P.L. Subdividing Comparator i 

General description. See “ Comparators,” 
§ (10) (ii.). 

Method of use. See ibid . § (12). 

Nutating Piston Meter. See cc Meters,” 
§ (27) (ii.). 


Observations : 

Balancing numbers of, in metrological work. 

See cc Metrology,” § (5) (iii,). 

Balancing weight of, in metrological work. 
See ibid . § (£5) (ii*). 

Distribution of, in time. See ibid. § (5) (L). 

OBSERVATIONS, THE COMBINATION OF 

§ (1) Introductory. — In the following pages 
an attempt has been made to summarise the 
standard methods of performing the various 
kinds of computation which are met with in 
the so-called exact seiences. 1 

1 They should only be applied with caution to 
statistical Biology, For this purpose, works devoted 
specially to the subject— e.g. those of Prof. Karl 
Pearson — should be consulted. 


o — 

The principle of least squares ” has in- 
evitably been adhered to throughout almost 
the whole article — inevitably, because the pro- 
cesses based upon it are the only standardised 
and formal methods which have been de- 
veloped up to the present. At the same time 
an impression in the reader that the principle 
of least squares is tfC the end of all things 59 
would be erroneous, and a section has been 
added at the end setting out some minor points 
on which the method is faulty or likely to 
lead to misconception. 

An intelligent application of empirical for- 
mulae is always to be preferred to their mere 
mechanical use. Therefore wherever possible 
a full verbal explanation of the reasons for a 
given conclusion or step has been given, but 
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mathematical analysis has been reduced to a 
minimum, so that the multiplicity of symbols 
which has at times been necessary never de- 
notes a corresponding complication in the 
mathematical processes. 

In many cases practical examples illustrate 
the principles. The results of all experiments 
of the kind considered in this article are 
physical magnitudes possessing dimensions, 
zero in certain cases. 

If a certain experiment gives the result : 
length AB = 1-00003 yards, the truth or accu- 
racy of this result will be influenced firstly by 
the errors of observation. These may cause 
the number 1-00003 to be slightly wrong. 
But the latter is also influenced by the fact 
that the yard used for comparison was not 
the standard yard but a standard yard. The 
error thus added to the observational error is 
contained in the scalar or numerical portion 
of the result. Hence if the other portion of 
a result, i.e. that possessing physical dimen- 
sions, contain always definite standard units, 
it can be regarded as a label only, and the 
results of all numerical experiment can be 
thrown into the scalar form. For instance, 
the above result may be stated as follows : 
The number of standard yards contained in 
the length AB = 1*00003. So it comes about 
that the theory of the best adjustment of 
errors deals in essence only with scalar quan- 
tities. Its various propositions can be de- 
veloped without reference to any units, and 
although physical magnitudes of many different 
kinds occur in its practical application — some- 
times even in one and the same application — 
they all disappear from sight and leave a 
purely arithmetical problem. 

The existence of totally different kinds of 
observation in a given piece of work, each 
kind demanding consideration in the adjust- 
mexit of the whole, calls for a personal 
judgment on the part of the investi- 
gator as to what constitutes an error of 
the same degree of badness in the several 
kinds of observation. This done, the problem 
is reduced, as stated above, to a numerical 
one. 1 

For example, an observer wishing to adjust 
his observations for the coefficient of linear 
expansion of a solid might decide that an 
error of 0-1° C. in one of his recorded tem- 
peratures would cause him as much displeasure 
as an error of 0-005 mm. in a single micrometer 
reading for length. 

A surveyor might similarly fix the relation- 
ship between his base-line errors and his 
theodolite errors by saying that he was as 
likely to make an error of 10" in a single 
angular measurement as he was to be wrong 
by 1 part in 500,000 in his base-line measure- 
ment. 

1 Bee § (5) (vi.) and the reservations in § (7). 


§ (2) The Natijee of Errors.— It is a com- 
monplace known to all practical experimenters 
to say that there is no such thing as absolute 
accuracy. What meaning could be attached 
to a statement that the distance between two 
fine scratches on a polished bar was exactly 
10 cm. ? The finest scratches, when closely 
examined, become valleys with many indenta- 
tions, so that an exact apprehension of the 
centre of the scratch is impossible. The best 
chronometer in the world will make so many 
oscillations with its balance wheel in each 
mean solar day, plus or minus a very small 
quantity . 

This notion of plus or minus something 
attaching to the statement of all magnitudes 
is always present in the minds of scientific 
men, and the facility attained in dealing with 
experimental data, i.e. in the combination of 
observations, is closely bound up with a 
proper appreciation of the way in which this 
plus or minus quantity propagates itself from 
one stage to another of the calculations, finally 
appearing as an uncertainty in the end result. 
To find general methods of computing from 
observations which shall give a smaller plus 
or minus quantity in the end result than any 
other methods may be stated to be the central 
object in the theory of the combination of 
observations. 

Bearing in mind the illusory character 
of the tc true 55 value of any quantity 
sought, we may think of any quantity which 
lies between certain close limits as the true 
value. 

The difference between an assumed or 
observed value and the true value is then 
spoken of as the error of the assumed or 
observed value. The difference between a 
single observed value and one computed from 
a solution of the whole or part of the problem, 
whether this be the final solution or not, is 
called a residual . 

The determination of physical quantities 
from observations is always burdened with 
errors, among which those arising from the 
calculation can be cut down to any desired 
extent so long as the computer is prepared 
to expend the necessary amount of labour 
on them. On the other hand, mistakes, whose 
definition here is scarcely necessary, are more 
likely to occur in calculation than in recording 
observations. 

Errors of observation fall into two fairly 
distinct classes, accidental and systematic 9 
though the dividing line is sometimes difficult 
to place. The essential characteristic of acci- 
dental errors is that any one observation is as 
likely to have a positive error of a given mag- 
nitude as it is to have a negative error of the 
sa m e m ag nit.u de. 

One of the chief limitations to accuracy 
of observation — a source, that is to say, of 
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accidental errors — is the fallibility of the eye 
and hand of the observer, but there are many 
kinds of observation in which the attendant 
circumstances play a greater part. Every ex- 
periment is in fact attended by a number of 
circumstances or conditions , each of which is 
liable to have a definite effect on the result of 
a single observation. In so far as these con- 
ditions produce effects which change in an 
arbitrary manner from one observation to 
another* they lead to increased accidental 
errors, in spite of all the skill of which the 
observer may be possessed. For this reason, 
and for the reason that the number of effective 
conditions is generally much greater than is 
supposed* it is bad practice for an observer to 
weary himself by bestowing a maximum of 
energy on each observation. A large number 
of observations performed with caution but 
in an easy, flowing manner is much better 
than a few observations made by an observer 
over- anxious to use his eye to the very best 
advantage. 

If one of the conditions mentioned above 
be imagined to persist in its influence 
on a long series of observations, or even 
on a few, in such a way that its effect no 
longer varies arbitrarily but according to some 
law, we have what is known as a systematic 
error . 

The simplest of these is a constant error , 
which burdens all observations with an error 
constant in sign and magnitude* over and 
above those from other sources. Systematic 
errors are the experimenter’s greatest enemy, 
and it may be truthfully said that the search 
for possible causes of them is nine-tenths of 
the battle in all physical measurements. The 
search is rendered a hopeful one by the fact 
that the error in question must be systematic 
with respect to something ; Once detected it 
must be eliminated at all costs. Three typical 
methods of doing this exist. If the effect of 
the systematic error is quite determinate a 
correction is made for it. The records of 
all celebrated pieces of experimental work will 
be found to abound in such small correcting 
terms. 

If the cause of the systematic error is known 
or suspected but the determination of its effect 
is impossible or inconvenient, an attempt is 
made to eliminate the error by making the 
observations symmetrical with respect to the 
particular condition , This is a still commoner 
practice in experimental work* and the best 
observer carries out his work with a maximum 
possible* but symmetrical, variation of those 
conditions not fixed by the nature of the 
experiment* even though there be no obvious 
danger of systematic error arising if the con- 
ditions are not so varied. An example of the 
first method is the correction for the buoyancy 
of the air in weighing an object whose density 


is much smaller than that of the weights. 
The second method is applied when, the object 
and weights are interchanged on the pans so 
as to eliminate the systematic error arising 
from a possible inequality in the lengths of 
the balance arms. 

The third possibility is the method of substi- 
tution, which is in many ways the most satis- 
factory. Before or after making the experi- 
ment to determine the unknown magnitude 
a known magnitude* like the former in as 
many respects as possible* is substituted 
for it, and the difference between its ob- 
served and its known value gives at once 
the correction, or an easy clue to its calcu- 
lation, for application to the experiment on 
the unknown. 

For instance, knowing the length of the 
seconds pendulum at sea-level in. latitude 45°* 
we might wish to determine the length of the 
simple pendulum equivalent to a given com- 
pound pendulum by determining its time of 
swing. The particular station being neither 
at sea-level nor at 45°, the correction would 
best be made by substituting for the unknown 
pendulum another which was known to have 
a certain time of swing at sea-level and 45°. 
If the two times of swing were very nearly 
the same ( i.e . those of the two pendulums) the 
correction could be applied directly as the 
discrepancy between the actual period of the 
standard pendulum and its period under stand- 
ard conditions. Otherwise it would be given 
by a simple calculation. 

A practical observer may himself be the 
cause of systematic error— the so-called per- 
sonal equation. This is especially the case in 
experiments involving the measurement of 
time. 

Sufficient has now been said to make it 
clear that the object of experimental precau- 
tions is to reduce all the errors to the accidental 
class. Not only the observer, but the instru- 
ment designer, should have this continually in 
view. The material of the succeeding pages 
applies, strictly speaking, only to those observa- 
tions which contain nothing but accidental 
errors. 

Much of what has been written in the 
present section belongs rather to a discussion 
on practical measurement than to one on the 
combination of observations. Yet the im- 
portance of a right attitude on the part of the 
worker to systematic error is so great that it 
has been thought fit to include a full statement 
on this part of the subject. 

§ (3) Probability axd the Law or Errors. 
— The discussion of probability is scarcely 
within the scope of the present article. It is 
a difficult thing to define* and the usual 
definition, as the numbers of ways in which 
an event can give rise to a certain result 
divided by the total number of ways in which 
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it can happen at all, leaves the mind still 
seeking an antecedent definition of proba- 
bility rather than an a posteriori one. The 
difficulty can be dismissed by a compromise 
between the innate 66 expectation 55 view of 
probability and the numerical definition. The 
two are not contradictory, but both are essential. 
It is natural that a search should have been 
made for some general mathematical formula 
to express the distribution of chance or “ hap- 
hazard 55 quantities, such as accidental errors, 
about some value on which they appear to 
concentrate (zero in the case of accidental 
errors). There is in reality no such thing 
as a chance happening in 
nature, 1 and we can only 
define accidental errors as 
those resulting from causes 
too many in number and too 
complex in their laws to be 
known. 

It is therefore to be ex- 
pected that the desired 
distribution law will apply 
to many other things besides 
accidental errors. The prob- 
lem and its offshoots are 
associated with the names of 
some of the greatest mathe- 
maticians of the past, such 
as Gauss, Laplace, Bessel, 


be quite unreliable for very small numbers of 
observations. For the purposes of testing 
Gauss’s Law of Errors by the distribution of 
actual sets of errors the infinitesimal width 
between the limits x ~~ ]$x and x -l- %dx must 
be increased to the practical finite limits 

x~~&Ax and x-h^Ax. Only in this way will 
a reasonably smooth curve be obtained. As 
an example of such a curve the distribution 

of 174 residuals in a certain case is shown 

in Fig. 1. The residuals are the differences 

between observed and calculated monthly 
mean sea levels at three tidal observatories 
in the British Isles, the calculated values 

resting on a fairly simple 
formula resulting from an 
analysis of the records them- 
selves. These residuals 
constitute one of Nature’s 
cc haphazard ” groups of 
quantities, though they are 
not that particular variety, 
involving the human element, 
which we call accidental 
errors of observation. In 
this case it is the observed 
quantities themsel ves which 
follow a largo number of 
complex laws, and the errors 
of observation were probably 
nil in comparison with the 
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and Airy, and the law is generally known 
as Gauss's Laiv of Errors . It states that 
the probability of an accidental error lying 
between x — -^dx and x -f }$dx is 

-4=e" h * x *dx, 

V 7T 

or, writing h = 1/c, 

x* 


The latter formula has perhaps a slightly 
more immediate significance. With the usual 
definition of probability the formula means 
that if a largo number N of observations be 
taken a number equal to N times the above 
expression will have errors lying between 
x- lrdx and x+ |r);e. This will approximate 
more and more closely to the truth as N 
approaches infinity and will , for obvious reasons, 

1 Of. D. Brunt., The Combination of Observations , 
Cumb. Univ. Press, 1917, p. 3. 


fluctuations observed. The generality of 
the distribution law is thus exhibited. 
The residuals were divided into groups 
having a range of 0-05 ft., so that the 
central group contains residuals between 
-0-025 ft. and +0-025 ft., that next on the 
plus side those between + 0*025 ft. and 
+ 0-075 ft., and so on. The ordinates are the 
numbers of residuals occurring in each group, 
and the points are joined successively by 
straight lines. 

Since these distribution curves generally deal 
with errors, wo shall speak of these instead 
of residuals in discussing the curves in the 
sequel. 

What is the best Gauss’s distribution curve 
which can be drawn through these points ? 
An easy method of -finding the constant h is 
as follows : Calling y the observed number of 
errors lying in the givon group, and making 
the group-width equal to unity (1 unit »0-05 ft.), 
the group centres are at abscissae ~x, ~;c+ 1, 
... -2, - 1, 0, 1, 2 ... x - 1, x . . . The 
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total number of errors is 174, so that the 
distribution formula is 


y- 


1747a 

: 




ox 


■, i 174A 

log* y =Iog e — t=t - 

V 7T 




Thus if log e y be plotted against x 2 , a straight 
line -with a slope of tan” 1 -7a 2 should be 
obtained. The value of h so obtained may be 
called h x . From the ordinate where the line 
cuts the axis of log 0 y is obtained another 
value 7z> a , equal to y 0 vV/174. The mean of h x 

and h % may be taken as 
the best value of K 

Before taking log e y 
the -f errors are added 
to the — errors belonging 
to the group of the same 
magnitude. This is ex- 
hibited graphically in 
Fig . 2, which shows the 
left-hand half of Fig . 1 
folded over on to the 
right. A number of 
narrow closed areas is 
formed, and those denot- 
ing that the -h errors 
have been more numer- 
ous than the — errors 
are filled in with vertical 


IBlllptew, 

2 3456789 10 

Magnitude of Errors (+ or-) 
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lines. Where the - errors are more numer- 
ous, horizontal lines fill in the spaces. The 
fundamental property of accidental errors, 
namely, the equal probability of a +- and a - 
error of a given magnitude, is well illustrated. 
The dotted line joins points denoting the 
mean numbers of errors in each group irre- 
spective of sign. In plotting log e y against x 2 
it is useless to retain groups in which y is 
expected to be 1 or less. 

From Fig. 2 the values of x 2 and y , and 
hence log e y are 

£ 2 0 1 4 9 16 25, 

y ^27 305 19 12-5 5 3-5, 

log e y >. 3 '30 3*32 2*94 2*53 1*61 1*25. 

Fig . 3 is the graph of log e y against x 2 , and 
the relationship is seen to be linear. The 
points lying towards the right are expected 
to depart from their theoretical position 


more than the others because the addition 
or subtraction of even one error in these 



The slope of the straight line is 


3*35-0*99 

25 


0*0944. 


Therefore 7^ = \/0* 0944 = 0*3072. 
From the zero end of the line 


e 3*35 JZ. 

= 8=0,29 12 » 


h=h+h =0-2992. 

At 


A sufficiently good approximation is h =0-3. 
The best distribution curve is therefore 
represented by 

j/ = 174=2* -<0-S)**» 

V 7T 


= 29 *446” 


This curve has been superposed as a dotted 
line on the actual distribution graph of Fig. 1. 

The agreement is seen to be satisfactory. 

The common experience that Gauss’s Error 
Law does in practice give a close approximation 
to the actual distribution of errors is the 
justification for using it as the pedestal on 
which to base an extensive theory and practice 
of the adjustment of precis© observations. 
For the many ingenious ways in which it has 
been deduced theoretically the reader should 
consult one of the many works dealing with 
the theory of errors. 1 

§ (4) Deductions from the Law or Errors. 
— The law is so fundamental in the theory of 
errors that the following conclusions or pro- 
positions to be deduced from it should be 
carefully noted as forming a foundation for all 
subsequent formulae. 

1 Most of the text-booRs mentioned in the ‘Refer- 
ences at the end of the article give one or more proofs. 
For an article devoted specially to this subject see 
Glaisher, Memoirs vol. xxxix. 
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The first 5 may he stated on inspection, 
while the remainder depend upon mathe- 
matical analysis. It is convenient to use the 

form - — -j= e~^ a /c s ?x. 

C V7T 

(i. ) The probability of a large error is smaller 
than that of a small error. 

(ii.) The most probable error of all is zero. 

(iii.) The probability of a given + error is 
equal to that of a — error of the same 
magnitude. 

(iv.) The formula contains only one para- 
meter c. The law of errors is therefore the 
same for precise observations as it is for rough 
observations, and the parameter, which is 
called the modulus , serves to define the rough- 
ness of the observations or, in other words, the 
scale of the errors. 1 

(v.) From the well-known theorem that the 
probability of several events all happening is 
the product of their individual probabilities we 
deduce a probability proportional to 



for the simultaneous occurrence of a set of 
errors x x , x.>, etc. Hence the most probable 
result in any piece of work is that which makes 
( x il c i) 2 + (^a/c 2 ) 2 + ... a minimum. This is the 
Principle of Least Squares, and is so much 
to the fore in the theory of combining observa- 
tions that is common to find text- books with 
the title of “ least squares.” 

If the errors x lt x 2 , etc., all belong to observa- 
tions of the same supposed precision the con- 
dition reduces to aq 2 ■+■ xf z 4- . . . a minimum. 
The quantities aq/cq, x 2 jc 2 , etc., are what we 
have called in § (1) “ degrees of badness.” 

( vi.) There is a point on each side of the curve 
such that the probability of obtaining an error 
greater than the one denoted by the point is 
equal to the probability of obtaining one less 
than it, and these two points are obviously at 
equal distances from the ordinate denoting 
zero error. This error is called the probable 
error and is shown by tables of the integral 
of e—^l^dx to be equal to 0-4769c. A name 
such as “ characteristic error ” would really 
be more suitable, since the most probable 
accidental error is in all eases zero. It will 
be referred to as the “ p.e.” and is the quantity 
preceded by the sign ± which so often figures 
in the statement of numerical results. 

(vii.) The error of mean square , a which is 

n/* 2 , *-e. N /t* a ]/w, can be shown to be equal to 
c s/i or 0*7071 c. 

It is generally written as /x. 

1 The significance of the parameter r may he 
remembered by noting that it stands for “ clumsiness ” 
or ” coarseness ” in the observations. 

2 Unfortunately sometimes referred to as the 
“ mean error,” thus confusing it with the arithmetic 
mean error, irrespective of sign, which is equal to 
c/\/^ = 0*5642c. 


(viii.) From (vi.) and (vii.) we obtain 
important result 


p.e. 


0 4769 
: 0*7071 


g = 0-6745 



the 


(ix.) The p.e. of any quantity A-l- B-t- C+ ... 
formed by the addition of quantities whose indi- 
vidual p.e.’s are a, b, c . . . isN/a a + ii 2 +c 2 +. . . 

If a =6 =c —e the p.e. becomes e Jn. 

But the p.e. of nA is na, since the same actual 
error enters into each of the n A’s. 

Therefore a further generalisation is 

p.e. of pA -fgB -4-rC + . . . 

= \/p z a z +q z b 2 +r z c z + . . 
and for the weighted mean 

pA + gB ■+- rO •+* . . . 
p + q + r +■ . . . 

the p.e. is — - — times this last p.e. 

Hence for the simple arithmetic mean, where 
pz=zq~ etc. = 1 and a = b = etc. = e the p.e. 

is e/ sjn* 

In applying these simple rules it must be 
remembered that the observations giving rise 
to the quantity B must be entirely independent 
of those on which A or C rest. 3 Where this 
condition is not fulfilled and the fact is over- 
looked, too optimistic a view of the result is 
obtained, i.e. the p.e. is always underestimated. 

It is to be noted that the methods of cal- 
culating p.e. given in (ix.) above are all a 
priori methods. That is to say, a p.e. of 
observation is assumed, and a final p.e. cal- 
culated. It is often necessary to judge the 
p.e- of observation by the results, that is, to 
use an a posteriori method. If the errors 
x could be certainly known, proposition (viii.) 
above would give the p.e. of a single observa- 
tion. But it is necessary to make allowance 
for the fact that the best value of the unknown 
obtainable results from an adjustment of the 
sc’s themselves and is not necessarily the true 
value. 0*6745 N/[a? a J/n would therefore always 
underestimate the p.e. It can be shown without 
difficulty that where the true value of the 
unknown is not available it is correct to write 4 
p.e. = 00745 1). We may also an- 

ticipate matters a little by noting a further 
proposition, namely, that if q unknown quantities 
are indirectly determined by means of n in- 
dependent observations having each an actual 
error x and p.e. x {) , the p.e. of an observation 

a A very good discussion on so-called ** entangled 
measures ” will be found, in Airy, Theory of Errors of 
Observation, Macmillan, 1 8(> 1 . The book Is now 
out of print, but is to be found in most scientific 
libraries. 

4 See, for instance, Airy, Errors of Observation , i>]>. 
44-47 
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having unit weight is 1 0-6745 sj[z 2 lx 0 z \/(n — q). 
Instead of the symbols x z /x 0 z the notation 
■pv'\ i.e. wt. x (residual) 2 , will be found in 
many text-books, but the former notation is 
retained here as being a little more expressive. 

Returning to Fig. I, proposition (vi.) above 
shows that the 


p.e. 


0-4769 


0-3 

= I -590 units. 


units [ since c- 


\ 


l 

h 


■ 4 ) 


Error of mean sq. 


Suppose that a constant quantity, whose 
true value X is sought, is measured directly 
by n observations all supposed to be equally 
good, and that the results are X 19 X 2 , . . . X n . 
What is to be taken as the best value of X ? 
The arithmetic mean (Xj^ + Xa-p . . . -f X n )/n 
is the value which has at all times been taken 
instinctively as the best. Yet in the absence 
of any guide it would be conceivable to light 
upon such formulae as 


'Xj.” 


4- 4— 

n 


4-X„ 


') 


“ or (X 1 X 2 . . . X, 




= 0-7071 c 
= 2*357 units. 

At the points x= +1-590 (P and — P) and 
x= +2-357 (M and — M) ordinates have been 
drawn. The ordinate at P divides the right- 
hand half of the area bounded by the curve 
and the axis of abscissae into two equal parts 
(ef. definition of probability, § (3), and definition 
of p.e. (§ (4) (vi.)) ; and that at — P does the same 
with the area devoted to negative errors. The 
actual sum of the squares of the 174 residuals 
is 1103-4 when expressed in units of 0-05 ft. 
Hence from the formula derived above 


p.e. 


= 0-6745 


/l 103-4 
V 173 


= 1-704 units as compared with 
1 -590 from the ideal curve. 


It is to he expected that the sum of the 
squares taken from the irregular curve should 
be greater than that taken from the smooth 
curve. 

It was noted earlier that Gauss’s distribution 
law gives as a criterion for the best result the 
least squares condition. It now remains to 
show how this condition is to be satisfied in 
practice. 

§ (5) The Combination oe Observations. 
(i.) Direct Measurement of a Single Quantity . — 
The simplest set of observations is that in 
which a single quantity is determined by 
direct measurement several times. Such for 
instance is the measurement of a length by 
direct comparison with a standard, or the 
determination of the altitude of the pole-star 
for latitude. 

The quantity measured is constant or only 
varies through small amounts which may or 
may not he calculable. If they are calculable 
the method of corrections (§ (2)) is applied. 
For instance, corrections for small fluctuations 
of temperature might be made to the observed 
lengths in the first example above, while the 
small circle described about the celestial pole 
by the pole-star would he allowed for in the 
second. 


See Merriman, Method of Least Squares, John 
Wiley & Sons, 1915, 8th ed. p. 80 (London : 
Chapman & Hall). 


The principle of least squares gives a simple 
answer to the question. Each observed value 
of X, suoh as X 15 is burdened with an actual 
but unknown error x x = X x — X (see limitations 
as to the “ true ” value of X in § (1)). We have 
to choose a value of X such that any other 
value for it will make x t 2 4 - x 2 2 +- . . . + x yL ~ 
greater than the one chosen does. 

If we took several values of X and found for 
each one the value of [a; 2 ] — i.e . of 
the expression aq 2 + 4- . .. 4-a^ 2 , 

and plotted the result we should 
obtain a curve something like Fig. 4, 
showing a minimum value of j> 2 j 
at 0 for a certain value of X 1( say X 0 . 
The latter is the required value. 



O 


Pig. 4. 

Comparing the value of [.r 2 ] for a point P 
not far from O with that at O we find that it 
exceeds the latter by a very small amount OQ. 
Thus there are in the neighbourhood of X. 0 a 
number of solutions which are very nearly 
as good as X„, and the criterion for X 0 itself 
is that the alteration of X 0 through a very 
small but appreciable amount makes no 
appreciable difference at all to [m 2 ]. Reverting 
to the unknown symbol X for X„, let AX bo 
such a small alteration to X and let the new 
errors be called y x , y> . ■ . y n instead of 
•Tj, x 2) ... x n . Then 

[a; 2 ] = (X a — X) 2 4- (X 2 — X) 2 +• . . . 4-(X n ~X) 2 , 

m = (Xx - X - AX) 2 + (X a - X - AX) 2 -+ 7 r 

+ (X n - X- AX) 2 . 

When AX is made a small enough quantity, 
we can, in view of the above statements, 
write [: c 2 ] = [y 2 ], and since (AX) 2 may be 
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considered negligible in comparison with 
AX(X 1 -X) 

0 = 2AX(X 1 -X)+2AX(X a -X)+ . . . 

+■ 2AX(X n — X) ; 

or, , since AX does not itself become zero, 

(X x -X) + (X,-X)+ . . - +(X tt -X)=0 

and X „X 1+ X. 2+ . „ ± _X, 

n 

The arithmetic mean is therefore not only 
indicated by common sense to be the most 
probable value, but is proved to be so by the 
principle of least squares. It is justifiable to 
reverse the order and to say that the principle 
of least squares, and with it the law of errors, 
is founded upon the rule of the arithmetic 
mean for the combination of direct observa- 
tions on a single quantity. This was indeed 
the sequence of ideas in the mind of Gauss, 
whose name is usually associated with the 
law of errors. 

(ii.) Weighted Means . — Suppose that the 
mean of the first four observations given by 
X m ^(X 1 4X 2 4X,4X 4 )/4 were available, but 
that the four individual observations were not. 
It is obvious in the first place that the same 
result follows if we put 

-y 4rX )W , 4 X f> 4 Xq 4" ... 4* X„ 

4 4 (n - 4 ) 

and in the second place that this is the correct 
thing to do. This introduces the idea of 
weighted observations. The value X w , being 
the mean of 4 observations, is considered to 
have weight 4. Where the observations or 
partial values have weights w 19 w 2 , etc., the 
weighted mean is 

4- ^ 2 X 2 4 ... 4 WriX-n 
w t 4 iv 2 4 . . . 4 w n 

The assigning of weights to the quantities 
X 1? X 2 , etc., is often a matter of personal 
judgment, especially where the quantities 
are actual observations. In other cases the 
weights are derived from the known p.e.’s 
of the quantities X 1? X 2 , etc., for there must 
be some relationship such that a quantity 
with large p.e. is assigned a small weight w 
and vice versa. From the example given 
above, the first term w 1 K 1 is evidently equi- 
valent to w x hypothetical observations all of 
the same weight. From proposition (ix.), 
§ (4), the p.e. of the mean of these w t 
observations is e/\/w 19 where c is the p.e. of 
any one of them, i.e. 

w i — (p <Ci ) 52 ' 

The weight to be assigned to any partial 
result is therefore proportional to the reciprocal 
of the square of its p.e. 


Since the weights may all be multiplied by 
any constant factor without altering the value 
ofwqX 1 4m 2 X 2 4 . . . /w x 4 4 . . weights 

are only relative numbers and we may drop 
the symbol e. The quantity l/(p.e.) 2 is then 
referred to as the theoretical weight of the 
result to which it refers. The theoretical 
weight W of the weighted mean is easily 
found as follows. From proposition (ix.), 

§ ( 4 ), 

(p.e. of weighted mean) 2 

^ t 2 ( p.e. of X,) 2 4to g a (p.e. of X,) a 4 . . 

(w x 4^2 • . ‘ 4 - ) 3 

Since, for any particular X, w(p.e.) 2 — 1, 
this becomes 

W) 4 . . 

(%4W) 4 . . . ) 3 

J. 

\w x 4 10 z 4 . . .)’ 

But (p.e. of weighted mean) 2 — 1/W> hence 
W = w;,4w 2 4 - - . 

The theoretical weight of a properly weighted 
mean is therefore the sum of the weights of 
the partial results. 

A caution is needed against a too rigid 
adherence to theoretical weights where these 
depend upon apparent p.e.’s. 

As will be seen later, the p.e, determined 
from small numbers of residuals is a very 
unreliable quantity, and an arbitrary assign- 
ment of weights will be much better in such 
cases. The least squares condition, which is 
(^x/ c j.) 2 4(%/c 2 ) 2 4 ... a minimum (see pro- 
position (v.), § (4)), is now seen to be equivalent 
to w x Xj 2 + Wo% 2 2 4 ... a minimum. This 
summation is often given in text-books with 
the notation PxV t 2 4 2 4 - - - . 

(iii.) Indirect Measurement of a Single Quan- 
tity. — Examples are the measurement of electric 
current by the deflexion of the needle of a 
galvanometer, the determination of elasticity 
by the measurement of extensions and forces, 
and the determination of the acceleration of 
gravity by measurement of time of swing and 
length of a pendulum. It will be noticed that 
in the first example only a single quantity, 
namely an angle, is measured. Now the 
indirect measurement of one quantity by the 
direct measurement of another presupposes 
some experiment in which a connection has 
been established between the two different 
kinds of magnitude. Further, this initial 
experiment must have been founded on the 
definition of the unit in the desired physical 
quantity. Electric current is defined by the 
reciprocal force between a coil of wire carrying 
a current, and a magnetic pole ; so that if we 
could determine exactly the configuration of 
the coils in the galvanometer, together with 
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the distribution of current producing a mag- 
netic field equivalent to that of the actual 
control field, such, determinatiqn would con- 
stitute the preliminary experiment mentioned 
above. But this is impracticable, and the 
most usual solution of the difficulty for all 
kinds of such units is for a very carefully 


current was passed in series through four 
tangent galvanometers and that the de- 
flexions were 10°, 30°, 45°, and 70°, indi- 
cating currents C x , C 2 , C 3 , and C 4 for the 
actual current C. Required the best value 
to take for C. 

If A(9 was the p.e. of an angular measure- 


executed fundamental experiment to be ment in all cases, the corresponding p.e. in 


entrusted to some worker or committee of 
workers. This experiment rests directly on 
the definition of the unit and has for its object 
the determination of the unit in terms of some 
quantity which is easily reproducible. In the 
case quoted it is the amount of silver deposited 
by unit current in one second. Even in the 
event of subsequent research improving on 
the fundamental experiment — a not un- 
common occurrence — it is usual to allow the 
practical unit determined by the fundamental 
experiment to stand good, for as stated in 
§ (1) it then serves only as a label. In the 
case of the galvanometer the quantity 
measured, namely, an angle, is still unrelated 
to the required unit, for the fundamental 


C. for any galvanometer was 

AC=7c sec 2 9 A 9, since C = lc tan 9. 

The factor 1c sec 3 9 or AC/ A9 is the sensitiveness 
of the indicated current to changes of 9. h is 
a constant for a given galvanometer, but is 
not the same for all. In order to obtain an 
expression for AC which contains no variables 
but 6 and A 9, substitute k = C cot 9. 

AC = C cot 9 sec 2 Q A 9 


“sin 29 

The weight of each observation is to be pro- 


experiment only relates, say, 1 ampere to a portional to l/(p.e.) 2 . Dropping the constants 


mass of silver and a time. A secondary 
experiment on the particular galvanometer 
is necessary. In this, 

observed angles of de- C x sin 2 (2 x 10°) +- 

nexion are linked up b = i no T 

with, observed masses ^ 

of silver deposited in =0* 05Cxd-O33C 2 H 

observed times* This 


20 and A <9, which are the same for all, the 
weights are sin 2 2 0 l9 sin. 2 2(? 2 , etc., and 


r _C 1 sin 2 (2 x 10°) +C 2 sin 2 (2 x 30°) +-C a sin 2 (2 x 45°) -f.C 4 shx 2 (2 x 70°) 
sin 25 (2 x 10°) ■+■ sin 2 (2 x 30°) + sin 2 (2 x 45°) + sin 2 (2 x 70°) * “ 

= 0* 05Cxd-O33C 2 -f 0*44C 3 4-0 180 4 . 


operation is called standardisation or calibra- 
tion. 1 

It will now be seen that the application 
of elaborate rules for the combination of 
observations is quite useless unless the instru- 
ment used is well standardised. If the 
instrument is of good performance — i.e. if it 
can be relied upon always to give the same 
.result for the same conditions, it is doubly 
to be desired that no errors should be 
allowed to creep in through bad standardisa- 
tion. 

In those cases in which the observation of 
two or more different kinds of quantity is 
necessary in order to determine a single 
unknown it will generally be found that the 
observed quantities combine together to form 
a result of the correct dimensions, so that no 
preliminary experiment is implicated. For 
instance, the formula g = 47r 2 £/T 2 shows that if 
we measure the length of a simple pendulum 
and its time of swing in the proper units we 
can immediately obtain the acceleration of 
gravity in units belonging to the same system. 

As an example of the combination of 
observations for the indirect determination 
of a single unknown, suppose that a given 

1 Calibration implies the standardisation of a 
wnole series of indications of an instrument or 
standard. 


The sensitiveness of the observed quantity 
to a change in the unknown quantity is very 
important, both in experiment and in the 
combination of observations. A precise instru- 
ment allows observations highly sensitive to 
the unknown quantity to be made, but 
unless the performance of the instrument 
improves side by side with its sensitiveness 
the benefit is illusory. 

The further consideration of examples of 
the determination of a single unknown by 
the simultaneous observation of two or 
more variables must be deferred to a later 
section. 

(iv.) The Simultaneous Determination of Two 
or More Unknowns . — It frequently happens 
that observations are taken of a variable 
which is a linear function of several quantities, 
such quantities being the unknowns which it 
is desired to determine. This case is treated 
here because it is important as the basis of 
the general method of reduction of observa- 
tions. Suppose that an observed variable X 
can be represented by 

X^PA-fQB+RC. 

A, R, and 0 are the unknowns to be determined, 
and P, Q, and R are either constants or other 
observed quantities whose p.e* s of observation 
are supposed to be negligible in their effect on 
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the solution when com/par eel with those of X. 1 
An example is the determination of the 
coefficient of thermal expansion of a body, 
including terms in it 2 as well as t The equation 
is 

1-4 = Ijq 4~ at 4 /3£ 2 , 

so that A, B, and C are replaced by L 0 , a, and 
p; P, Q, R by unity, t and t 2 . 

In the general case above n sets of simul- 
taneous (or as nearly simultaneous as possible) 
observations of X, P, Q, R are made. If these 
observations were all errorless the following 
equations would all be rigidly true : 

X x = P X A 4- Q l B + R A C, 

X 2 = P 2 A4-Q 2 B-{~R 2 C, 


X n = P 7l A + QnB + R^C. 

Using symbols x 19 etc., for the unknown 
errors, we can subtract these from the observed 
quantities and so obtain the following true 
equations : 

X x - xj = P X A + Q. X B + R X C, 

X 2 - a 2 = P 2 A + Q 2 B 4- R 2 C, 

* etc., etc. 

The principle of least squares indicates as the 
best values of A, B, and C those which make 
x x z + x 2 2 4* . - . i.e. [x 2 ] a minimum. We can 
determine how [a? 2 ] varies when any one of 
the unknowns is made to go through a series 
of values, assuming the others to be con- 
stant. The curve of [> 2 ] against A, for 
instance, might reproduce Fig . 4, and so 
long as B and 0 had not been assigned 
values very far from the true ones, the 
lowest point of the curve would denote the 
most probable value of A. 

Applying the same criterion as before 
(§ (5) (i.)), it is necessary to assume a very 
small change AA in A and to equate the 
change in [ 'x 2 ] to zero. 

From the last set of equations 

a? x = X x - (P X A + Q X B 4- R X C) = F x say, 
a;. = X 2 - (P 2 A + Q 2 B + R 2 C) = F 2 say, 
etc., etc. 

If we change A to A 4- A A, F x becomes 

1 1ST otc on the notation used in this article. Tn 
all general statements observed quantities whose 
errors are to be noticed are denoted by X! Y t Z l9 
X 2 Yo Zo, etc. Observed quantities whose errors 
are not to be noticed are denoted by Q, H u P 2 
Q a TU, etc. Unknown constants whose values are 
sought are called A, B, C, . . . Wherever possible, 
small portions to be added to or subtracted from 
any quantity, whether such portions be errors of 
the observed quantities or corrections to tentative 
values for the unknowns, are denoted by the corre- 
sponding small letters. Thus, errors of X b Y 1? Z l9 
are x lt y% 9 aq. Corrections to A, B, C are a, b, c. 


F x -~ PjAA, and a new set of errors results, 
the sum of whose squares is 

(F X ~P X AA) 2 + (F 2 ~P 2 AA) 2 + . . . 

Neglecting the squares of P X AA, etc., in 
comparison with F X P X AA, etc., the differ- 
ence between this sum and the original 
F x 2 -h F 2 2 + . . . is 

2F X P X AA 4-2F ? P 2 AA 4- . . ., 

and this is to be equated to zero without 
putting AA — 0, so that the condition for 
least squares as far as A is concerned is 

P X F X 4- P 2 F 2 4- ... 4- P«F n = 0 
or (P x 2 4-P 2 2 4- . . .)A + (P x Q- x + P*Q a + . - OB 
+ (P 1 R 1 4-P 2 R a -H - . .)C-P 1 X 1 + P 2 X 2 4- . . . 
This is usually written 

[PP] A + [PQ]B + [PR]C = [PX]. 

Applying the same criterion to B in precisely 
the same way, we obtain 

[PQ] A 4- [QQ]B 4- [QR]0 = [Q.X], 
and from C 

[PR] A 4- [QR]B 4- [RR]0 = [RX]. 

The principle of least squares demands that 
all these conditions be fulfilled. The number 
of conditions being equal to the number of 
unknowns, the equations give, when solved, 
the most probable values for the latter. The 
equations are known as normal equations , 
and their derivation is seen to bo according to 
the following rule : “ Multiply each observa- 
tional equation P x A4-Q x B + I\0 — X x by the 
coefficient- of A in the said equation. Add the 
resulting equations. Perform similar operations, 
using the coefficient of the next unknown B in 
each equation as multiplier in that equation. 
Continue till all the unknowns have been 
so treated, obtaining thereby a number of 
equations equal to the number of unknowns.” 

Before giving some methods for the solution 
of normal equations it is necessary to treat the 
case in which the observed quantity is not a 
linear function of the unknowns. 

(v.) Reduction to the Linear Form . — As an 
example of a simple but non-linear relation- 
ship between the principal observed quantity 
(see (iv.) above) and the unknowns, take the 
case of the readings of a leading screw in a 
lathe or measuring-machine. These might be 
expressible by such a formula as 

X — tA 4- B sin 2rr{t ~ C), 

where A is the unknown pitch of the screw, 
B the unknown amplitude of a periodic error, 
C its unknown phase, and t the observed 
number of turns of the screw. 

By observing a correct scale through a 
microscope moved by the leading screw, X 
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could be obtained experimentally at a number 
of points. 

The unknowns A, B, C cannot be determined 
directly by the method of § (5) (iv.), but if 
the observations are not extremely irregular, 
approximate values for them should be 
obtainable by inspection, especially if a 
graphical method be employed (§ (8)). 

The position is now much the same as in 
the last section. There is a number of 
equations 

X x = P x A + B sin 2 tt(P 1 - 0), 

X 2 = P 2 A4-B sin 27r(P 2 - C), 


which probably cannot all be satisfied by any 
values of A, B, and C. Unknown errors aq, # 2 , 
etc., are to be subtracted respectively from 
the X’s in such a way as to bring the equations 
to truth and at the same time to make [a; £ ] a 
minimum. 

Let the expected values of the observed 
quantities X 1? X 2 , etc., be calculated by insert- 
ing the tentative values of the unknowns, say 
A 0 , B 0 , and C 0 in the formula. Let X/, X 2 ', etc., 
be these calculated values. Suppose a 9 b , and 
c to be the small additions to the approximate 
values of the unknowns necessary to convert 
them into the true ones, £.e. 

A = Aq 4" a, B = Bq 4" b 9 0 = Cq4-c. 

It is a well-known theorem in the differential 
calculus that if a, 6, and c are sufficiently small 
quantities we can write down the change in 
X resulting from their introduction as a linear 
Junction in a 9 b 9 and c. 

The change in XJ resulting from the small 
increment 44 a ” to A 0 is a x a 9 where a 1 is the 
sensitiveness of X to A for that particular 
collection of circumstances. This sensitive- 
ness is, of course, the partial differential co- 
efficient of X with respect to A. The total 
change in XJ is a x a 4- b x b 4- c x e. Therefore the 
discrepancy X x — X/ can be made to disappear 
by any additions a, 6, and c to A 0 , B 0 , and C 0 
which make 

a x a + bj) 4- c x c~ X x - X x '. 

Similarly the discrepancy X 2 - X 2 ' disappears if 

a 2 a + b 2 b 4- c 2 c = X 2 — X 2 '. 

In the absence of experimental error all of 
these n linear equations in a, b 9 c could be 
satisfied, but the existence of errors x l9 x 29 etc., 
in X x , X 2 , etc. (X/, etc., have no errors, being 
numerical terms calculated on an arbitrary 
basis) gives a precisely similar problem to that 
in which X is linear from the start in A, B, 
and C. 

Normal equations are therefore formed 
exactly as before and the evaluated quantities 
a, b 9 and c are added to A 0 , B 0 , and C 0 . 


In the above example of the leading screw 
the sensitiveness of X to the several un- 
knowns, i.c. its differential coefficient with 
respect to each, is 


b x = = sin 27r(h - 0) = S<9 1 , say, for con- 

0 venience, 

= - 2ttB 0 cos 27 r(jC 1 — C) = C0 x , say. 


Any other factors and C 6 n are derived 
by replacing t x by The observational 

equations are therefore 


a. 

b . 

c . 


h 

S6»i 

G0 X 

X x ~ x i' 


S0 t 

00 , 

X 2 -X 2 ' 

tn 

S9n 

C 9 n 

j 



and the normal equations are 


a . 

b . 

C . 


It 2 ] 

[t . S0] 

[t . C0] 

PtX')] 

. . 

[S a 0] 

[S(9 . GO] 

rse. (x-x')i 



[ C a tf] 

[00. (X-X')] 


The square brackets denote as usual summa- 
tions, and the terms to the left of the loading 
diagonal are omitted, it being understood that 
they can be filled in from symmetry by 
inspection. 

(vi.) Successive Aypproxim ation. —If the quan- 
tities a 9 6, c to be added to A 0 , B {) , 0 {) are not 
very small, the relation between any function 
-^(A()> B 0 , O 0 ) and F(A 0 4~a, + C () 4" e) will 

in general be no longer strictly 

F(A 0 4- a 9 B 0 -f- 6, C 0 4- c) 

=- F( Aq, Bq, O 0 ) 4™ a x ct 4” bjb 4“ o x c. 

The reason is that a differential coefficient has 
to be defined in terms of infinitesimal changes 
of the variables. Yet the procedure will in 
nearly all cases give a result nearer to the true 
one than the tentative one first taken. That 
is to say, it is a step in the right direction. 

In Fig. 5 is a geometrical analogy. The 
tangent AB to the curve is very nearly 
coincident with the curve for a short distance 
AA'. When too long a vector AB is drawn, 
B deviates appreciably from the curve AC, 
but within very wide limits for the length of 
AB, the point B is nearer to C than A is. 

Although the solution of the first set of 
normal equations as above may not give the 
best values for A, B, and C, those obtained 
may once more be considered as tentative 
values and the original process may bo 
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repeated, giving further small additions a\ b\ 
o to A 0 + < 2 , Rq + b 9 Cq + c , 

In this way we may approach as near as 
we please to the theoretical “ least squares ” 
values for the unknowns, though nothing is to 



There are some cases in which the observa- 
tional equations can be reduced to the linear 
form without the aid of the differential 
calculus, but it must be remembered that 
the normal equations (if they may be so 
called) derived from such reduced equations 
will not in general give the least square 
solution. For instance, the time of oscillation 
of a simple pendulum is 

T = 27r /S /I=2 7 rZ%-4 

or log T = log 27r -b % log l - i- log g . 

Assuming that errors of observation of T 
influence the resulting value of g much more 
than those of l , the formation of normal 
equations from the above logarithmic equation 
gives a minum [error 2 ] in log T, i.e. in 
|(AT/T) 2 ] instead of [(AT)*]. 

If T did not assume a number of widely 
different values in the course of the experi- 
ment, the above solution would be quite 
justified, and would be used on account of its 
simplicity. 

(vii.) Partition of Errors among Several Kinds 
of Observed Quantity . — Using the same notation 
as before (see footnote, p. 053), A, B, C . . . 
are unknown constant quantities whose values 
are to be determined. X, Y, Z are observed 
quantities. 

In § (4) (v.) the condition for the most 
probable result was found to be that the sum 
of ( x/c ) 2 , i.e. of (error/modulus)*, must be a 
minimum. The modulus being directly pro- 
portional to the p.e. (§(4), proposition (vi.)), 
we may replace it by the latter. 

Henco if x, ?/, z be the actual errors of 


X, Y, Z, and x Q9 y 0 , z () the p.e.’s, the required 
condition is that [(tf/^o ) 3 + (yjy 0 ) 2 -l- {zjz 0 ) 2 ] 
is a minimum, the square bracket being 
understood to mean that the summation is 
extended to all sets of errors x 19 y 17 z 19 x 2 , y 2 , 
z 2 , etc. If e denotes the actual error of any of 
the observed quantities and e Q its p.e., the 
above condition is the same as [(e/e 0 ) 2 ] a 
minimum. 

The relationship which holds between the 
unknowns and the observed quantities may 
be written 

F(A, B, C . . . X, Y, Z . . -) = 0. 

As before, let tentative values A 0 , B 0 , C 0 . . . 
for the unknowns be arrived at in some way ; 
e.g. graphically or by taking only as many 
observations as there are unknowns and 
solving uniquely if this is mathematically 
possible. 

In this way a number of results are cal- 
culated as follows : 

F 1 = F(A 0f B 0 , C 0 . . . X lf Y x , Z x . . .), 

F 2 = F(A 0 , B 0 , C 0 . . . X 2 , Y 2 , Z 2 . . .), 


These will differ slightly from zero both on 
account of the small quantities a, b 9 c which 
must be added to A 0 , B () , C 0 . . . in order 
to give the true values and on account of the 
errors x l9 y l9 z l9 

2 /oj which must be sub- 
tracted from Xjl, Y 1? Z x . . . X 2 , Y 2 , Z 2 . • * 
in order to reduce them to ideally observed 
quantities. 

Each of these small quantities produces its 
own change in F, and the total change is the 
sum of them all. 

In any given case, say that of F 15 we can by 
suitably selecting a 9 b 9 c . . . and :t* x , y l9 z x . . . 
reduce the expression to its correct value zero,. 
Thus 

O = F(A 0 -ha, B 0 -h b, C () -|- c . . . 

A i — x l9 Y x — y X9 A x - z x . . .) 

= F(A 0 , B 0 , O 0 . . . X x , Y 19 Z x . . .) 

*+ a i a “ 1 “ b J> + <hfi “ a i x i ~~ Pith - y% z i 


~ ^ i a i a + b } h +■ c x c ~~ a x x L — § t y x - y x z%. 

The quantity a x is the sensitiveness of F x to A 

m 


or 


dA rx = Xd 
{ V yA 
\ Zm/J 


similarly for b x and c x . 

?¥ 


a <i is 


fix (X* 

f y 


* Xi ) 


or the sensitiveness of F x to X. fi L and 7 , have 
corresponding meanings. 

The term a. ) x l +p l y l -\-y l s l ( ~ f x , say) is the 
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total error produced in ¥ x by the errors of 
observation of X 1? Y 19 and Z x . Its “ probable 59 

value is </> x = ( a i 2a: o 2 + Al 2 2/o 2 +7i% 2 )^ ( see 
§ (4), proposition (ix.))„ and it is entirely 
an “ accidental 95 error. Hence we may 
regard F x as an observed quantity whose 
actual error is f x and whose p.e. is <fi lm In 
other words, we shall obtain a least squares 
solution by making C(/x/0i) 2 ] a minimum. 1 

The observational equation derived from the 
first set of observations is 

a x a + b x b 4 - CjC= - F x with p.e. <j> v 

That from the second set is 

a 2 a 4-6 2 6 -i-e 2 c== - P 2 with p.e. </> 2 , 
and so on. 

Before forming normal equations each of 
the observational equations must be divided 
by its p.e. in order to reduce all the equations 
to the same weight. 

The normal equations resulting are 

r a a ~ "I r a 

T--1 

L* * J 


The solution gives the best values of a, b, 
and c (not to be confused with the coefficients 
in the above equations, all of which have 
actually suffixes) and enables f 19 f 2 , etc., to be 
calculated. As a matter of interest each of 
these composite errors f x = cl x x x 4- + y x z x 

may be analysed into its components so as to 
make -b(y x l7/ Q ) z -h(z x /z 0 ) 2 a minimum. 

(viii.) Example . — From the equation for 
a gas PV = RNT, where N = number of 
gramme-molecules of the gas, it is desired to 
determine the constant E. It might be 
thought that N could be determined as an 
unknown side by side with B, but a moment’s 
reflection shows that it is impossible to 
separate two such unknowns occurring only 
as a product in the formula. N must therefore 
be independently determined. 

For an approximate value of R, suppose it 
is known that 1 gm. molecule at normal 
temperature and pressure occupies approxi- 
mately 22*4 litres ; and that N has been made 
equal to 1/22-4 by taking exactly 1 litre of gas 
at N.T.P. 

From the formula PV = RT, in which the 
units are for convenience millibars, cubic 
centimetres, and degrees absolute respectively, 
we then have 

1000 x 1000 = R 0 x 273 
or R 0 = 3683. 


r® c i 


- aPl 

L<P 4>J 


_ <t> tf>J 

nsi] 


r *n 

L <t> <p- 


L <p <pA 

r c c~ 


r cF-i 

Lt 4>- 


L <P <t>J 


1 See § (10). 


This is the approximate value to use in 
preparing the coefficients in the observational 
equations. 

Suppose that during four observations an 
attempt was made to keep the volume at 
exactly 1000 c.c., while the remaining four 
were made at an attempted constant pressure 
of 1000 millibars. Let the observations be 


Const, vol. 1000 c.c. 


T. (abs.) . 

(1). 

. 294*1 

(2). 

314-3 

(3). 

327*6 

(4). 

340-3 

P. (millibars) 

. 1079 

1149 

1197 

1249 

Const, press. 1000 millibars. 




T. (abs.) . 

(5). 

. 292-1 

(6). 

310*7 

(7). 

331*8 

(8). 

343-1 

V. (c.c.) 

. 1072 

1141 

1213 

1254 


The relationship F(R, P, V, T) = 0 is in this 
case 

f=pv-rt=o. 

We use as before .small letters to denote small 
changes or errors in the quantities correspond- 
ing to the capital letters. Thus r denotes the 
small addition to R 0 required to give the best 
value R = R 0 + r . Also 


I’ 1 = P 1 V 1 -R 0 T ] 



The normal equation (one only, since there 
is only one unknown) is to be prepared in the 
form of symbols before any numerical work is 
done. A saving of time often results in this 
way through cancellation. 

As in the general example we have the follow- 
ing true equations : 

Fj. + r ± r - <%iP 1 - /?!?.>! - 7i*i = 0, 

F 2 + V - 0-2^2 - (3 2 v 2 - y 2 / 2 = 0, 


That is to say, we have the following observa- 
tional equations attended with the actual and 
probable errors shown : 


Observation 

Equation. 

UtiknoAvn Actual 
Error=.A 

Calculable Probable 

Error ■= </>. 

Fjl 4 - r x r — 0 
y 2 4 - t 2 t = o 

a iPx + + 7 

a zPa + jSjVj +y 3 f » 

(*iW + ftV+Y 
fcaW+AX'+y *****) 4 
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where p 0 , v 0 , and f 0 are the assumed p.e.’s 
of P, V, and T respectively. Dividing each 
observational equation by its p.e. in order to 
reduce all to the same p.e. they become 

r, F x 

~r = - 

01 0i 

r n F a 

-;r= -~h 

0 2 02 

etc., etc. 


Multiplying each by the coefficient of r in 
the usual way the normal equation becomes 



The solution for r is a weighted mean of all 
the values of FJr n , the weight being propor- 
tional to the square of the sensitiveness of 
F n to R and inversely proportional to the 
square of the p.e. of F w as was found to be 
correct in § (5) (ii.). 

The calculation is best made by forming 
the quantities F n /r n and r n /0 M for each ob- 
servation. 

Suppose p 0 — 1 millibar, v Q — 1 c.c., t 0 = 1° abs. 
Then 

0« 2 = ( v« 2 +p« 2 +r 0 2 )» 

r,J = Tn\ 

since a 1 = V 1 , /S 1 =P 1 , 7i “ — B>o» ®tc., 

/r„V_ T„* _ 

<>r W “ V.» a + Pn 2 +B7' 

The schedule on the following page shows 
the preparation of the 8 values of (r n j cj> n ) - 
and ' (r n /<t> n ) z FJr n . The lower portion is a 
check, showing that the solution has really 
made [(/„/0j 2 .l less than [(F n /0J 2 ], in accord- 
ance with the least squares criterion. The 
difference between the two sums of squares, 
31900 and 32059, is small because the tenta- 
tive value R 0 happened to be very close 
to the best value obtainable from the 
observations. 

The p.e. of the result is easily found from 
the expression denoting the said result, 


i*e. 




' r- 


<l>» 

r 2 r a ” ’ 

11 4 - .12 + 

0x 0? 
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The p.e. of F x is <p u that of F a is <f> 2 , and 
so on. Therefore 

y.2 


p.e. of r- 


{(£») + C *,*)^* 2 + • • •} 
(£ + £ + ---) 


or 


C ( S ) T - 


From the schedule we find at once that this 
quantity is 

n/0-06176" 4 ^ 

With a p.e. of this amount it is useless to 
express the result to two places of decimals. 
It is therefore written 

R = 3662*4 ± 4*4. 

If the assumed p.e.’sp 0 , v 0 , t Q , etc., had been 
about correct <p l9 etc., would also have been 
correct, and would have averaged about 

1. Since it is in all cases less than 1 the con- 
clusion is that the p.e.’s of the observations 
have been overestimated. If the <f> s have 
been made Jc times their correct value, the 
best estimate of Jc is 


0-67 <•/[(£)’] <*><*•» 


8- 1 


•*«*/*$ 


= 0-455. 

If the coefficients a l9 /3 l9 y l9 etc., varied rela- 
tively a good deal in the different sets of 
observations it would be possible to tell which 
of the three p.e.’s of observation— v 0 , t Q — 
had been overestimated. It is sufficient to note 
here that the a posteriori p.e. of the result is 
only 0*45 of that deduced from the estimated 
p.e.’s of observation. 

On this showing the result should he stated 
R — 3662*4 ± 2 0. 

The above example is, needless to say, only 
a hypothetical one. The length of the com- 
putation would not be as great as that set 
out above, for the schedule is practically all 
that is necessary. Nor is it to be taken for 
granted that the application of the method of 
least squares to 8 observations only is justified 
in this case. The example merely illustrates 
the method of dealing with larger numbers of 
observations. 

% v 


von. iii 
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§ (6) The Combination of Conditioned 
Observations. — It sometimes happens that 
groups of observations are furnished with a 
natural check before any computation is 
made. They have in fact to satisfy certain 
conditions , and any solution of the whole is 
bound to satisfy all these conditions. Por 
instance, when all three angles of a triangle 
have been measured in surveying, the sum of 
the true angles must be equal to 180°. That 
is, in the notation used previously 

X x -f* X 2 4~ X 3 — 1 80° — x x 4- 

Again, in geodetic levelling, the sum of the 
height changes observed in a complete circuit 
of levelling, when corrected for changes of 
gravity, must be equal to zero. 

These examples belong to the simple type 

+ X 2 4- ... 4- X n 4- M = 0, 
where M is a constant. 

The relationships, or so-called equations of 
condition , may he more complicated. They 
can be represented by 

Ei(X x , X 2 . . .) = 0, 

F 2 (X x , x 2 . . 0 = 0, 
etc. 

The problem then becomes that of finding 
such values of X x , X 2 , etc., that the sum 
x x 2 4- & 2 2 4- ... is smaller than that for any 
other set of valaes of X x , X 2 , etc., which fits 
into the pattern, as it were, imposed by the 
above equations of condition. It is to be 
noticed that the number of conditions must 
be smaller than the number of observations, 
for if these two numbers were equal X x , X 2 , etc., 
might be determinate from the conditions 
alone. 

One method of solution is obvious. If there 
are q equations of conditions and n unknowns, 
the q equations can be made use of to eliminate 
q of the unknowns, i.e. to express them in 
terms of the remaining n - q unknowns. 

The latter are then quite independent and 
are free to take on any values consistent with 
the observations. 

In the case of the triangle in •which all three 
angles had been measured the observation 
equations would be written 

A = X x , 

B = X 2 , 

180° - A — B = X 3 . 

Th is straightforward method is, however, 
very tedious in cases where the number of 
unknowns entering into each conditional equa- 
tion and the number of conditions themselves 
are large. The following method of undeter- 
mined multipliers or correlatives is more con- 
venient. 


The equations of condition 

F 1 (X 1 , X 2 , . . <) = 0, etc., 

are reduced to the linear form by making use 
of x l9 etc., instead of X 1? X*, etc., exactly as 
in § (5) (v.). Thus 

ft = +■ <* 2^2 4~ . - . m x = 0, 

A = +■ * * “ ^ 0, 

etc. 

Instead of being the errors of X x , etc., 
x v etc., may be considered to have the reverse 
sign, i.e. to be the small corrections necessary 
to bring the observed quantities to their most 
probable values. Just as in the method de- 
scribed more fully in § (5) (v.) the small 
increments a 9 b, c, etc., were regarded as the 
unknowns, x X9 x 29 etc,, may be so regarded here. 

In order to obtain the most probable values 
of cc 19 #0 ... it is necessary to equate to zero 
the differential coefficient with respect to each 
x 9 not of [x 2 ], but of [ x 2 ] 4- 2 h x f x 4- 2 k 2 f 2 4~ . . . ; 1 
k l9 k 2 , etc., are the undetermined multipliers or 
correlatives. 

This process gives 

2 x x hh 2/r-jcq 4” 2 /c 2 /3 x ^ 0, 

2x a 4~ 2/c^a 2 4" 2fc 2 jQ2 “h - . . =0, 


Next substitute in the reduced conditional 
equations the values of x x , x 2 , etc., obtained 
from the last equations. 

a l( ~ ^ : l a l &2i®l • * *)t a S!(“ * - * ) 

4 - . « • — ftt'% = 0 , 


Pl( 


— . . .) -H /A( ~ k% a 2 ■ 

- /c 2j 8 2 — . 

• •) 


• * * • 

4- * 

« * . * • • m 


=:0, 

i.e. 

* * m + 

^l( a l 2 "1“ a 2 S 

4~ . . . ) 4- k 2 (a x /3 x ”1 

t • » 

" ^ 2/^2 "k * 

■ •) 



4* . 



^l( a l/A ^ 21^2 "h 

• ■ -)+h{Pi* + P** 

4- . . .) 




4» 

... =1 — 

m 2 . 

or : 

in the usual 

notation for normal equations 


/bj 

... 




M. s 

M l>7] • • • 

- m i 




^ IPy] • • • 

- 




' ' lyy). • - 

“«*a 



All the coefficients of these q equations are 
known, and the solution of the equations gives 

1 A treatise on the differential calculus should be 
consulted for further information on the theory of 
undetermined multipliers. 
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the values of the q correlativ s Jc 19 Jc 2 , etc. ; 
x l9 x Z9 etc., are then found directly from the 
equations 

2*! + 2 Jc l a x + 21 c$ x + * . . =0, 

2tX 2 4~ 2/qc tg H" 2 ^ 21^2 ”1~ . . • — 0, 

etc. 

Problems requiring this form of solution are 
not common in the laboratory. They occur 
pre-eminently in geodesy, in the adjustments 
of networks both of triangulation and levelling. 
For an example of the practical application 


the reader may consult any modern record of 
precise surveying or levelling. 1 

§ (7) The Solution of Normal Equations. 
— The solution of any set of normal equations 
can always be performed by successive elimina- 
tion of unknowns between pairs of equations, 
but a judicious selection of a particular method 
by the computer will often save much time. 

Below is a summary of some methods which 
are available. 

(i.) Direct elimination between equations in 
pairs, the most convenient pairs being chosen 
by inspection^ Where many of the co- 
efficients are zero this is often the best method. 

(ii.) Solution by Determinant — The value of 
any unknown can be expressed as a deter- 
minant, which is to be evaluated in a schedule. 

1 The 28th “ Special Publication *' of the United 
States Coast and Geodetic Survey (Washington, 
Government Printing Office, 1915), contains a 
discussion by Mr. Oscar Adams on the application 
to triangulatlon. 


This method is convenient when the co- 
efficients are digits. 

(iii.) Gauss's Method . — This is really method 
(1) but is reduced to a schedule and provided 
with checks as the work is in progress. The 
left-hand unknown is at each stage eliminated 
between the top equation and each of the 
others in turn. Reverting to more conven- 
tional algebraical notation, in which y 9 % 
denote unknowns, the solution, including the 
formation of normal equations from observa- 
tional equations, is as follows (for 3 un- 
knowns) : 


The resulting equations still possess the 
symmetry of the normal equations, and it can 
be shown that the leading coefficients [ 661 ] 
and [ccl] are necessarily positive, like the 
leading coefficients in the normal equations. 

The elimination is repeated until the value 
of the right-hand unknown is found. The 
remainder are then found by substitution in 
the proper equation. The latter is always that 
one in which the coefficient of the particular 
unknown is the first term in the leading 
diagonal. Thus the proper equation from 
which to find y by substituting for z is 

[bbl]y + [6cl]2=[6ml] 

and for x 

{aa]x + [ab]y -f [ac]z = [am\ 

Unless the calculations are being carried to 
a large number of significant figures, the neglect 
of this precaution may lead to serious in- 


Observational equations : 

Operations for checks : 

ci x cc +■ y -f c x z = tbj. 

oq Hb H“ cq -j— wq — 

a z x+b 2 y- \-c#=m z . 

cq bg H- ■+- 

1st normal equation; 

Check : 

[aa] [afr] [ac] [am]- 

[<m] + [ah'] 4- [ac] -J- [ani\ = [as]. 

2nd normal equation : 


lab] [66] [be] [6m]. 

lab] +[66] + [6c] + [&»),] = [&*]. 

Elimination of x between these two gives 


o [»] M gj[«] 




This is denoted by symbols as follows : 

Check : 

[661] [6c 1] [bml]. 

[661] + [6cl] +[6ml] =[6sl]. 

Similarly by elimination between 1st and 

Check : 

3rd normal equations : 


[6cl] [ccl] [cml\ 

[6cl] 4- [ccl] '+ \cmY\ =[c$l]. 

where [ccl] ~ [ cc ] — j i^[ac]. 

laa\ 
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accuracy in the result and to a puzzling failure 
in the final checking back of the truth of the 
normal equations. 

Most of the text-books mentioned in the list 
of references at the end of this article contain 
examples of Gauss’s method of solution. * 

(iv.) Successive Approximation . — Where the 
number of unknowns, and therefore the num- 
ber of equations, is large, the foregoing methods 
may become very laborious. If the rough 
orders of magnitude of the unknowns can be 
found in any way it will often be seen on 
inspection that certain terms in each equation 
only contribute an insignificant amount to the 


furnishes approximate values for another set 
of unknowns. By such successive approxima- 
tions it is possible to approach with any 
desired precision the determinant values of 
the unknowns, and the stage at which to stop 
is determined either by the accuracy required 
in the results or by the fact that the residuals 
obtained on substitution in the original equa- 
tions are well within the p.e.’s of the normal 
equations computed from the assumed p.e.’s 
of observation. Either of these limits may be 
first reached. 

§ (8) Graphical Methods. — The graphical 
representation of observations gives a clear and 



value of the right-hand side ; or at least that 
equations possessing this property can be 
developed by suitably combining the normal 
equations. The solution is first to be carried 
out neglecting the said terms altogether and 
furnishing approximate values for some or all 
of the unknowns. If approximate values for 
all the unknowns have been found the same 
solution is to be repeated, this time modifying 
the right - hand sides by correcting for the 
terms neglected in the previous solution, with 
the help of the approximate values. If 
approximate values for only some of the un- 
knowns are furnished, a new series of combina- 
tions of tbe original equations must be found 
which reduces to comparative insignificance 
terms in unkno wns other than those neglected in 
the first instance. The approximate values can 
then probably be substituted in the insignifi- 
cant terms and the resulting simplified solution 


immediate insight into their general behaviour, 
especially if the laws which they are assumed 
to follow are not too complex. In many cases 
the final adjustment by purely graphical means 
is as reliable as any formal method such as 
that of “ least squares.” 

As an example, the problem of § (5) (vii.) 
may be solved graphically. The several values 
of PV/1000 are plotted in Fig. (5 against T, 
using a different sign for points belonging to 
the different conditions of experiment, i.e. con- 
stant pressure and constant volume. Through 
these points the best straight line is ruled by 
eye. Its slope, i.e . the tangent of the angle, is 
read off as (1362-5 - 1001-5) /IDO -3-610. If only 
an approximate value for R were required the 
above would suffice. An improvement on it 
may be effected as follows : With the value 
3-610 found, PV/1000 is calculated for each 
observed temperature and is subtracted from 
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the observed value of PV /1000. The residuals 
which, result are then plotted on an enlarged 
scale of ordinates, so as to exhibit at once 
(1) any alteration necessary in the slope of 
the line and (2) any other systematic tendency 
of the points , 

It is this latter opportunity which, gives the 
graphical method its power. It may show not 
only whether the observations are good but 
also whether the law which they are supposed 
to obey is really obeyed. 

TnJFig. 6 the diagram of residuals for constant 
volume is seen to possess a concave curvature, 
while that for constant pressure shows a tend- 
ency to fall off at higher temperatures. 

These facts may indicate complications in 
the laws which the observations follow. Before 
drawing this conclusion it is necessary to 
compute from the assumed p.e.’s of observa- 
tion the probable value of tbe discrepancy in 
PV/IOOO-K/T/IOQO. 

The p.e.’s assumed were p 0 =1 millibar, v 0 = 
I c.c. 9 £ 0 =1° abs. The probable discrepancy is 
therefor© T(T W P 2 . 1 2 + V 2 . P+R 2 . l 2 )^. Put- 
ting P=1000, V = 1200 as an approximation 
to the mean condition of experiment, this 
becomes -xirW (1000 2 + 1200 2 + 3610 2 )^ = 3*9 
about. 

The irregularities observed in the graph of 
the residuals are mostly, if not all, within 
this range. The conclusion is that no 
complication in the law PV = BT can he 
assumed from the observations. 

Drawing the best straight line through all 
the points the following correction to R/IOOO 
is obtained: 


5*5 -0-5 
100 


+ 0*050 


or = 3-610 +0-050 = 3-660, 

E = 3Q60 (cf. value 3662-4 + 4*4 on p. 657). 


Near the hest straight line are drawn two 
others making angles with it which appear 
to mark the limits of the p.e. of slope. On 
this showing the p.e. of R would be about 
1000x2/100 = 20, a figure very much in 
excess of both the a priori calculated p.e. 
(4*4) on p. 657 and the a posteriori p.e. (2*0) 
on the same page. The explanation of the 
discrepancy is that the assumption of the law 
PY = RT constrains the best straight line to 
pass through the distant zero of temperature. 
If we regard the diagram of residuals in this 
light, the p.e. of the slope of the line becomes 
about 1000 x 1/320 = 3*1, which lies just mid- 
way between the two former values of the 
p.e. of R. 

Where the relationship between the observed 
quantities and tbe unknowns involves various 
powers of both, logarithmic plotting is very 
useful. An example of this has already been 


given in Fig. 3, where (error) 2 is plotted against 
log (number of errors). 1 

Since logarithmic plotting shows fractional 
errors ccfX. instead of absolute errors x , if the 
latter are nearly constant in probable value 
throughout the observation of a number of 
different values of X, the apparent errors may 
be very different in one portion of a diagram 
from those in another portion.. This fact 
must be remembered in drawing numerical 
conclusions from the graph. 

It is a good plan on every possible occasion 
to commence a computation with a rough 
graphical investigation of observations, even 
though formal methods of solution are eventu- 
ally to be employed. The insight obtained 
into the general character of the results always 
repays the trouble. 

§ (9) The "Determination op Probable 
Errors.- — The simple rules given in § (4) (ix.) 
serve to determine the p.e. in al) practical 
cases. Therefore if a result can be thrown 
into the form of an expression involving only 
observed quantities and calculable coefficients, 
and p.e.’s can be assigned to all the observed 
quantities, the p.e. of the result can at once 
be determined. 

But the expressions for the p.e. which result 
are often intolerably complicated. In such 
cases a much better plan is to use symbols for 
the actual errors through- 
out the calculation, and 
only to introduce probable 
errors according to § (4) 
(ix.) at the last possible 
moment. 

Example. — On a base 
line AB (Fig. 7) about 


a 


A o « L B 

Fia. 7. 

1000 yards long and measured with a p.e. of 
I in 50,000 a triangle ABC is surveyed. The 
angles at A and B are about 80° and 40° 
respectively, and all three angles are measured 
with an assumed p.e. of 10". Required : the 
p.e. of the point C (1) in a direction at right 

1 For a good account of the graphical treatment of 
numbers of observational errors, see Lallemand, Lever 
des Claris et nivellement , 1912, pp. 582-000 (Oh 
Bdranger, Paris, 15 Rue des Saints- Peres). 
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angles to the base, and (2) in a direction 
parallel with the base, A being taken as origin 
of co-ordinates. The solution of the triangle 
would be according to the formula 

, T sin B 

o = Ij -r— 
sin G 

and the two lengths whose p.e.’s are required 
are 

r • A -r sin A sin B 

A = 0 Sin A = Ij i ;=r- — 

sin C 


Y = 6 cos A = L 


cos A sin B 
sin C " 


Replacing actual errors by probable errors, 
the p.e. of A is 

4 \/2 a -!- I 2 4" l 2 (where e — p.e. of an observed 

5 angle = 10*) 


The p.e. of any one of the adjusted angles is there- 
fore not 10" but 10" ^6/3 = 10 n/ 6/3-P 206265 
radians, and the p.e. of X is 

1 AOA S ^ n ^0° S ^ n ^0° I® */(> 

JLUUO V" s*s\ei • 'JKi''". m2 


sin 60° 


3 x 206265 


Since L influences the scale as a whole, the 
errors due to it can be considered afterwards, 
taking it for the present as errorless. Intro- 
ducing small actual errors a, [3, y into the angles, 
sin A becomes 

sin (A + a) = sin A + a cos A = sin A (1 + a cot A). 

Similarly for the other sines of angles : 
cos A becomes cos A {1 — a tan A). 

The value found for X is 

L si n A sin B ( 1 + a cot A)(l +/3 cot B) 
sin C ( 1 + -y cot C) 

■= L ~ i _j_ a cot A + /3 cot B — y cot C) 
sxn C 

nearly, 

so that the actual error of X is 

X(a cot A + (3 cot B - y cot C). 

We must now introduce probable errors for 
the angles, i.e. probable values for a, /3, and y. 
The p.e.’s of the observed angles are all 10", 
but an adjustment of the sum of the three 
observed angles to 180° would naturally 
precede the solution of the triangle. It is 
necessary to find the p.e. of an adjusted angle. 
The proper observational equations are (see 
p. 659) 

A = A 0 ■+■ a 0 , 

B = B 0 -f-/? 0 , 

180° — A — B = C 0 4- y 0 > 

where A 0 , B 0 , C 0 are true values, and a 0 , /3 0 , y a 
are actual but unknown errors of observation. 
The recorded, value for A is A 0 h- a 0 , and so on. 

These equations having all the same p.e. 
they may be combined to form normal equa- 
tions as follows : 

2A + B = A 0 + otQ — C)q — -y 0 4- 180°, 

A + 2B = B 0 + (3 0 — Co — -yo + 180° ; 

eliminating B, 

3A = 2 A 0 + 2a 0 - B 0 - /3 0 - C 0 - y 0 + 1 80°. 

The actual error introduced into A is therefore 
M 2 «o - A> - Yo)- 


*7cot 2 80° -t-cot 3 40 + cot 3 60° yards 
= 0-039 yard. 

Proceeding in the same way it is found that 
the p.e. of Y is 

lonn 008 s * n 10*76 


sin 60 ° 


3 x 2 06265 


\/tan 2 80° -t-cot 3 40° + cot 3 60° yards 
= 0-038 yard, 

i.e. sensibly the same as the p.e. of X. 

Next suppose that the base L has an 
actual error l. Then if X and Y have actual 
errors x and y from the triangulation, X + a; 
becomes (X + «)( 1 -+• If. L) = X + x + XZ/L, when 
the infinitesimal quantity xl/L is neglected. 

The probable value of x is 0-039 yard and 
that of If. L is 2 x 1.0“ 6 . Therefore the resultant 
p.e. of X is 

n/( 0-039)*+ (731- lp“x4' x 10- 

(since X= 731-1 yards) 
= 0 042 yard. 

The base-line error is not very important 
compared with those arising from the measure- 
ments of angles. Its influence on Y is still 
smaller. 

Similar reasoning could be applied to a 
succession of triangles. In this ease, as in 
many others, the expressions would bo cum- 
brous, and a simplification could bo brought 
about by using none but actual numerical 
coefficients to multiply unknown actual errors. 
That is to say, the calculation loading to the 
sohition of the original problem is repeated, 
using symbols for the unknown errors of all 
observed quantities. 

These methods of calculating p.e. are all 
a priori , that is, they can be carried out 
before the observations are taken, and so 
long as (1) the assumed p.o.’s of observation 
are about correct, and (2) no serious systematic 
error enters into the results, they are quite to 
be relied upon. 

On the other hand, the calculation of p.e.’s 
from residuals, i.e. the a posteriori method, 
is to be used with caution. As will he noticed 
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in the next section, the formulae used for their 
calculation are unreliable for small numbers 
of observations. It Is a common experience 
to obtain a result with a certain p.e. e, cal- 
culated from the residuals, but on repeating 
the work subsequently, to obtain a second 
result differing by more than \/e 1 1 2 -he 2 2 from 
the first. 

The formulae commonly used in determining 
p.e.’s from residuals are summarised in 

§ (H (is-)- 

§ (10) The Limitations of the Pbinoiplf 
of Least Squares. — Gauss’s law of the dis- 
tribution of large numbers of accidental errors, 
on which the method of least squares is based, 
appears essentially reasonable, whether ex- 
amined by means of practical tests or by a 
consideration of the assumptions on which its 
various theoretical deductions rest. 

It cannot be applied as a distribution, law 
to small numbers of errors, for it has no 
meaning in this case. Yet if the probability 
of any given error is proportional to e— x 2 /c^ f the 
probability of a certain set of errors, few in 
number, is e-[x 2 ]/c 2 , so that the least squares 
condition appears to be theoretically justified 
as a criterion, however small the number of 
observations. Whether, in view of the labour 
involved, it is always 'practically justified is 
another question . 1 

The reason of the doubtful benefit conferred 
by the application of the least squares condition 
to small numbers of observations is made 
clearer by the following facts. 

Whenever a quantity whose true value is M 
has been experimentally determined, either 
directly or indirectly, giving a result M + m 9 
say, the set of n errors of observation has a 
certain probability P. It can be shown that 
a small finite change in m produces a smaller 
fractional change AP/P for small numbers of 
observations than it does for large numbers. 
In other words, the curve of probability of 
different values of m is a flat- topped one for 
small numbers of observations, and although 
that value of m corresponding to the maximum 
ordinate for P is given by the “ least squares ” 
method, any method which gives a result 
somewhere near this would possess very nearly 
the same probability. In 1000 trials the least 
squares method might give, say, 520 results 
nearer to the true value than other more 
arbitrary methods, while in the remaining 480 
the reverse would be the case. 

^ There is a slight inconsistency in one applica- 
tion of the method of least squares. In § ( 5 ) 
( vii. ) , where the partiti on of errors among several 


1 In a suggestive article (Phil. Mag., Pel). 1920 
Dr. Norman Campbell has advocated the use, in i 
number of cases, of simplified methods dependinj 

2 n S 16 * e Pl a cement of the least squares conditio) 
by the zero sum *' condition, which, as he righth 
points out, is a more fundamental property o 
accidental errors than their distribution. 


kinds of observed quantity was dealt with, 
occurred the composite errors 

fi= a i x x +Ti s i> 

fz =: a 2 X Z "b ft %!/ 2 H' Ta 21 ?* 

etc., 

where x l9 y l9 z± 9 etc., were errors of observation 
on the different kinds of quantity, and cq, jS l9 7 *, 
etc., were calculable coefficients. Sincc/ x ,/ 2 , etc. , 
are sums of accidental quantities they are 
themselves accidental quantities and should 
fall into the same distribution law as any col- 
lection of 'accidental errors. Or more strictly, 
fi/<p l9 fit <£ 2 ? e ^ c *? should be so distributed, where 
<p L is the probable value of / x , i.e. the p.e. of 

T x , and is equal to (a 1 2 # 0 2 -f i3iVo 2 + 7 x% 2 ) ^ 
x o> z o being the p.e.’s of the observed 
quantities. A solution which ensures a mini- 
mum value to [f n 2 /<t> n 2 ] is therefore a true least 
squares solution. But it will be found, if f n 
and <p n be expressed in terms of the indi- 
vidual errors x 9 y 9 etc., and the p.e.’s x {)9 y 09 
etc., that the condition [f n 2 /(p n 2 ] minimum is 
not in general consistent with the condition 
l x J/ x o 2 l + [2A a /yo 2 ] + 0» 2 / z o 2 ] minimum, which 
latter might equally be made the basis of a 
least squares solution (see § (4) (v.)). In 
fact, while the latter condition represents a 
more faithful adherence to the principle of 
least squares, the two are only compatible if 
a i^o ^ i' e ' ^ each kind of observation 

contributes equal partial probable errors to 
the result of each set of measurements. 

The general method for the adjustment of 
mixed classes of observation outlined in 
§ (5) (vii.) gives too much attention to those 
kinds of observation which produce the largest 
errors in the result, i.e. the X’s if a x a? 0 , a 2 x 0 , 
etc., are always larger than /? x ?/ 0> /3 2 ?/o> etc., 
respectively. Therefore, if one land of observa- 
tion produces a p.e. in the result say 3 times as 
large as that produced by any other kind, it 
will be satisfactory to adjust the observations 
as if that kind were the only one possessing 
errors. Another sphere in which the applica- 
tion of the method of least squares is liable to 
misconception is the estimation of probable 
errors from residuals. The formulae in § (4) 
(ix.), although giving a value for the p.e. in 
a given case, are not to be relied upon where 
only small numbers of residuals are dealt with. 

It may seem pedantic to discuss “ the probable 
error of the probable error,” hut there Is for 
every class of measurement a fairly definite 
cc expectation value ” of the p.e., which could 
he obtained with confidence if only the observa- 
tions were sufficiently multiplied. It is the 
departure from this definite value of values 
calculated from finite numbers of residuals 
which makes it necessary to consider the 
pmbable erro'r of the probable error. 

If a quantity has been measured three times. 
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and the arithmetic mean of the three is M, 
while the actual measurements were M -j- ni 19 
M+* m 2 , M + m 3 , the most probable value of 
the p. e. in this kind of measurement is 
0-67 -f m 2 2 + m 3 a ) 2 /2, but it is only a very 

little more probable than a number of other 
values departing widely from itself. If this fact 
be borne in mind much disappointment at the 
failure of checks is avoided, and it is not long 
before a practical worker learns to gauge the 
order of a discrepancy which really calls for 
an investigation into the validity of a given 
result. 
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OCEANOGRAPHY, PHYSICAL 

Introduction. — Strictly speaking, Physical 
Oceanography comprises the? whole of our 
knowledge of the sea, with the exception of the 
part dealing with the anim als and plants li ving 
in it; and some of these even cannot be excluded, 
since they form the coral reefs and great areas 
of bottom deposits. 

It is customary, in this country at least, to 
apply the name Hydrogrc&ph/ to that part of 
the science which concerns itself with the 
making of charts for the benefit of the seaman, 
and to group those parts which till lately 
appeared to be chiefly of biological or academic 
interest under the heading of Physical Ocecino- 
graph 1 }}. In view of the discoveries made in 
recent years, and in. particular during the. 
war of 1914-18, there is no doubt but that 
in the future the hydrograph er will have to 
consider every branch of the science, and the 
distinction will cease to exist except as a 
matter of convenience. 

I. Properties of Sba-watetj 

§ (1) Composition. — Sea- water is a solution 
of “ sea-salt ” in pure water, and, speaking 
broadly, one specimen of it does not differ 
from another except in the strength of the 
solution, which varies from ahout 40 parts per 
thousand downwards- From the standpoint 
of the physical chemist it is therefore a “ dilute 
solution. 5 ’ On the basis of 77 analyses made 
by Dittmar 1 on samples collected in many 
parts of the world, the composition of sea-salt 
is as follows, after certain rearrangements : 


Composition ox 1 Sea-watibb 



In 100G GmiB. of 
Soa* w atm* of ills 
per riioufitMul 
Salinity'- 

nor Cent in 

Sen,- salt. 

Na 

10 -722 

30*64 

Mg 

1 -316 

3*76 

Ca 

0 -420 

1 -20 

K 

0-382 

1 *09 

Cl 

19 -324 

55-21 

SO 4 

2-696 

7-70 

oo s 

0*074 

0*21 

Br 

0-006 

0*19 


35-00 

100*00 


Since sea-water is a “ dilute solution,” it is 
very largely ionised, and tables giving the 
amounts of various salts such as magnesium 
chloride or calcium sulphate are meaningless, 
however useful they may be if it is required 
to make up an artificial sea,- water by weigh- 
ing out the solid constitueirts. 'The accurate 

1 Challenger Reports : Physics and Chemistry, t 
1B9 et seq. 
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determination of the various components is ex- 
tremely difficult except in the case of chlorine. 
Modern oceanography is largely based on 
Knudsen’s Tables (see later), which, are founded 
on the assumption of the constancy of the 
ratio of the chlorine to salinity (total salts) 
and density at 0° C., the density of distilled 
water at 4° C. being the unit. The accuracy 
of this assumption has been attacked from 
time to time, and in consequence the ratio of 
chlorine to the other quantities and to S0 4 has 
been redetermined in a number of laboratories. 
The results have been collected by Ruppin, 1 
and justify the assumption. It is probable | 
that the question may be reopened with regard 
to Mediterranean water. 

§ (2) Relation of Chlorine, Salinity, and 
Tensity, — Assuming the constancy of the 
ratios, we may determine chlorine, salinity, 
or density, and from any one calculate the 
other two. The determinations of the total 
salts ' by direct evaporation is extremely 
difficult, owing to part of the chlorine being 
driven off as hydrochloric acid before the last 
traces of water are expelled, and impossible 
as a routine operation. It has been the rule, 
therefore, to determine either density or 
chlorine, and unfortunately the procedure has 
often been open to question. Tensity was 
usually determined by the hydrometer, which 
we now know to fall far short of its theoretical 
accuracy, and chlorine by titration, against 
a standard solution of some chloride. Each 
observer prepared his own standard solution, 
and owing to slight differences of technique 
it is impossible to compare the results of 
various workers with the accuracy now 
required. Great confusion resulted until the 
end of the last century, when the International 
Council for the Exploration of the Sea was 
formed, with headquarters at Copenhagen. 2 
The Council caused the ratio of chlorine to 
salinity and density, and the change of the 
latter with temperature, to be determined with 
the greatest possible accuracy ; the results 
are given in Knudsen’s Hydrographical 
Tables , 1901 . It also prepared a Normal 
Water/ 5 a natural sea-water of about average 
salinity, the chlorine of which was accurately 
determined. Secondary standards titrated 
against this are issued from the laboratory 
and used as a standard by individual workers, 
so that now all modem investigations are com- 
parable among themselves, at least so far as the 
accuracy of the titration allows. The resulting 
advance in oceanography has been very great. 

1 Pub. de Circonstance , Cons . Perm. Internal, 'pour 
VExplor * de la Mer , No. 55. Copenhagen, 1910. 

2 Laboratoire Hydrographique, Ten Polytelmislce 
Taereanistalt, Copenhagen. The director of the 
laboratory at present (1922) is Professor Martin 
Knn&sen. The laboratory supplies the Tables , normal 
water, oceanographical apparatus, and also the 
Publications de Cir Constance , to which frequent refer- 
ence is made in this article. 


The “ chlorine 55 of the cc Normal Water 35 is 
not the true chlorine, but the total halogens, 
the bromine being considered as replaced by 
a chemically equivalent weight of chlorine ; in 
the same way the salinity is the total weight 
of salts dissolved in 1000 grams of the water, 
the bromine being replaced by chlorine, 
carbonates by oxides, and all organic matter 
burned off. 

According to the Tables , salinity, generally 
denoted by S 0 y oo is equal to 0-030+1-8050 CL 
This means that if no chlorides were present 
the water would still have a salinity of 
0*03 0 ^ oo> This apparently anomalous result 
is due to the fact that water such as this 
would be found at the mouth of rivers, 
which generally contain far more lime salts in 
proportion to halogens than the sea does. 
The third quantity given in the Tables is <r 0 , 
a contraction for the density at 0°/4° ; 
<r D =(sp. gr. 0°/4° — 1)1000. Its relation to 
ct chlorine ” is given by the equation 

<r 0 = - 0-069 + 1-4708 Cl - 0-001570 Cl 2 

+ 0*0000398 Cl 3 . 

The Tables also give values of p 17 . 5 , which is 
the density at 17*5° abbreviated as before and 
referred to that of distilled water at the same 
temperature. 

P 17-5 = (0-1245 + tr 0 — 0-0595<r 0 

+ 0*0001 55cr 0 2 ) x 1-00129. 

This is of use in much experimental work. 
The values are given in the tables for every 
0-01 part of chlorine per thousand. The 
following short abstract will give some idea 
of them : 


Chlorine, Salinity, etc. 


Ci. 

S °/ oo - 

CT 0 . 

Pj7«3- i 

2-50 

4-54 

3-60 

3-52 

5-00 

906 

7-25 

6-96 

7 50 

13-57 

10-89 

1 . 0-40 

10-00 

18-08 

14-52 

13-83 

12-50 

22-59 

18-15 

17-27 1 

15-00 

27-11 

21-77 

20-70 

17-50 

31-62 

25-40 

24-15 

20-00 

36-13 

29-04 

27-60 

22-50 

40-64 

32-68 

31 -07 

19-29 

34-85 

28-00 

26-62 


The last on the list is a sea - water of 
about average salinity to which a great 
deal of experimental and tabular work is 
referred. 

Salinities less than 30 do not generally 
occur except in seas such as the Baltic, or in 
estuaries or Polar currents. A large part of 
the ocean has a salinity of about 35, rising 
in places to 37. Salinities of 39 or more are 
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confined to the eastern part of the Mediter- 
ranean, the Red Sea, and Persian Gulf. 

§ (3) The Change of Density witi-i Tem- 
perature can. be calculated with great 


The temperature of greatest density, t 01US1X., 
was obtained by interpolation. 

The maximum density was calculated from 
cr q and io-max.- 


Freezing -points, etc. 


Cl, 

S7„. 


T. 

•TV. 

11 

t<r m 
u max. 

CT> 

'TIIRX. 

1 

1*835 

1 -400 

- 0*099 

1*394 

0*062 

3*589 

1 *556 

5 

9-055 

7-251 

- 0-483 

7-233 

0*042 

2*060 

7-421 

10 

18*080 

14-522 

- 0-969 

14-513 

0*018 

0-106 

14-536 

14 

25*300 

20-324 

- 1-366 

20-340 

-0*001 

-1-464 

20-340 

15 

27*105 

21 -774 

- 1-466 

21-800 

-0*006 

-1*854 

21 -801 

1G 

28*910 

23*225 

- 1-567 

23-260 

-0010 

-2*242 

23-2C4 

17 

30*715 

24*676 

- 1-068 

24*722 

-0*014 

-2*627 

24-720 

18 

32*520 

26*129 

- 1-769 

26*186 

-0*019 

-3*008 

26-198 

19 

34*325 

27*582 

- 1-872 

27-653 

-0*023 

- 3-385 

27-670 

20 

36*130 

29*037 

- 1-974 

29*121 

-0*027 

-3*758 

29-146 

13-665 

24*695 

19*838 

- 1-332 

19-852 

0-000 

-1*332 

19-852 


accuracy by the following formula, if tr 0 is 
given : 

o' t = - a q ’ D, 

where ert = 1000(sp. gr. t° / 4° — 1), 

D = -S t -0 1324: 

+ [<r 0 + 0-1324][A* -B t (u 0 -0-1324)]. 

Here 2 t = 1000(S t - 1), where S t is the density 
of distilled water at t° referred to distilled 
water at 4°. 

w (0-3-9S) 2 «•+ 283° 

' 503-570 ' *4- 67-2fi 5 ’ 

Ai = 0(4-7867 - 0-0981850 + O-OO1OS430 2 ) x 10- 3 , 
B t = t[ 18-030 - 0-8164£ + O-O166 70 2 ) x 10“°. 


The last water on the list is remarkable in. 
having its greatest density at the freezing- 
point. A fresher water becomes lighter as it 
is cooled past the freezing-point, and a saltor 
water becomes heavier. 

§ (5) The Compressibility of Sea-water 
has been determined by Y. Walfrid Ekman 
for the International Council. 2 His formula 
for the mean compressibility from atmo- 
spheric pressure, which he calls o bars, to 
2 > bars is 


- 4:886 

-000183p 


[227 -I- 28-330 

- 0*66 l« a + 0-004^] 


+ iAtVa[105-5 H- 9-500-0- 1580 2 ] - 

1000 


1 -5p 2 0 
1 , 000,000 


The Tables contain values of 2 t , A t , and JB t for 
every tenth of a degree. In. general, however, 
it is sufficient to know <r t to two decimal places, 
i. e. the density to the fifth decimal place. The 
Tables give the values of D for every whole 
number of c r 0 and every degree of temperature 
from - 2° C. up to 33°‘ C. 

The values of D for a few waters and tem- 
peratures are given in the table on the follow- 
ing page. 

§ (4) The Freezing-point, 1 Density at 
Freezing-point, etc., given below were deter- 
mined in the course of drawing up the Tables. 

The freezing-point r is given by the equation 
r = - 0-0086 - 0-064633<r 0 - 0-0001 055ff o a . The 
density at the freezing-point is 1 H- (<r T /1000), 
where 

<r T = + (<r 0 4- 0-1324? )[1 — A r + B T (cr 0 — 0- 1324)]. 


St, etc., have the same meaning as before. 

The change of density at the freezing-point 
(dcr T /dt)t=* T is obtained by differentiating the 
formula for a T . 

1 Martin Knudsen, Tub. de Circ. No. 5, 1903. 


•28 


10 


[147 -3 — 2 -720 -1- 0-040“ 

- 1 | )o (32-4-O-870 + O'O20 2 )] 


+ 


(<r 0 -28) 2 


100 -[4.5-O.U- r V(1.8-O.OM)1. 

1 bar = 10° dyn.es/cm, = 0*987 atm. 

rh© true compressibility can be calculated from 
bhe abov-e for any required pressure by the 
squat ion 

k =(/‘+ 4 s )A i -^ ) - 


In oceanography the mean compressibility 
is the important value ; given the density at 
the surface of a sample of water of known 
salinity and temperature, it is required to 
calculate its density at any depth. 

Ekman has drawn up tables of corrections 
by means of which this may bo done, which 
are of great assistance in the hydrodynamical 
theory of currents in the sea. 3 


2 Ihib. de Circ. No. 43, 1908. 
a Ibid. No. 49, 1910. 
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The last decimal places are only roughly accurate. Linear interpolation with respect to t will generally lead to inaccuracy which may affect the second decimal place. 




OCEANOGRAPHY, PHYSICAL 


669 


The following table gives some values of the mean compressibility calculated from the 

formula above, for an average sea-water : 

Mean Compressibility x 10 s op Sea -water of cr 0 “2 8 


p ( bars ). 

t =* 0 \ 

5 °. 

10 °. 

15 °. 

20 Q . 

25 °. 

30 °. 

0 

4659 

4531 

4427 

4345 

4281 

4233 

4197 

10 

4651 

4523 

4420 

4338 

4274 

4226 

4191 

50 

4620 

4494 

4392 

4311 




100 

4582 

4458 

4357 

4278 




200 

4508 

4388 

4291 

. , 




400 

4368 

4256 

. * 





1000 

4009 

3916 







High temperatures do not occur at 
great depths, so blanks have been left 
in the table. The absolute accuracy of 
the results is not so great as might be 
supposed from the number of figures given ; 
the figure for the total compressibility is 
probably not more accurate than three parts 
in a thousand. The accuracy with which 


the difference in density of two specimens 
of water at the same level can be calcu- 
lated is considerably greater, say one part 
in a hundred of the difference ; and it is 
chiefly with differences that we have to deal 
in oceanography. 

§ (6) Thermal, Expansion. — The following 
values are given by Ekman : 1 


Coefficients of Thermal Expansion x 10 6 : exlO 6 at Atmospheric Pressure ( p = 0 ) 



-2°. 

0°. 

5°. 

10°. 

15°. 

20°. 

25°. 

30°. 

<T Q — 0 

- 105 

-67 



mm 




5 

- 79 

-44 



mBm 




10 

-55 

-21 






1 

15 

-32 

0 

71 

132 

186 

235 

280 

323 

20 

- 10 

21 

88 

146 

197 

244 

287 

329 

25 

11 

40 

104 

159 

208 

252 

293 

333 

28 

23 

51 

114 

167 

214 

257 

297 

334 

30 

30 

58 

120 

172 

218 

260 

299 

336 

35 

48 

75 

134 

184 

228 

267 

304 

339 


Change of exlO 6 for a Change of 10 Ears : 



- 2 °. 

0 °. 

5 °. 

I 0 \ 

15 °. 

20 °. 

25 °. 

1 

30 \ 

0 " o = 0 

3*9 

3*7 

3*0 

2*5 

2 0 

1*5 

1*1 

0*8 

5 

3-8 

3-5 

2-9 

2-3 

1*9 

1-4 

1*0 

0-7 

10 

3-6 

3-4 

2*8 

2-2 

1*8 

1-3 

1*0 

0-7 

15 

3*4 

3*2 

2*6 

2*1 

1*7 

1-3 

0*9 

0*7 

20 

3*3 

3*1 

2*5 

2-0 

1*6 

1*2 

0-9 

0*6 

25 

3*1 

2*9 

2*4 

1*9 

1*5 

1-1 

0*9 

0*6 

28 

3*1 

2*8 

2*3 

1-9 

1*5 

M 

0*8 

0*6 

30 

3*0 

2*8 

2*3 

1-8 

1*4 

1*1 

0*8 

0*6 

35 

2*9 

2-6 

2*2 

1*7 

1*3 

1*0 

0*8 

0*6 


Expansion at 200 Bars , e x 10 a Expansion at 400 Bars , e x 10 ° 



— 2 °. 

0°. 

5 °. 

10 °. 

15 °. 

2 <r. 




0 . 



5 °. 

: 10 \ 

15 °. 

cr 0 = 26 

74 

98 

152 

197 

238 

275 


cr 0 =26 

126 

147 

191 

229 

263 

28 

80 

105 

157 

202 

241 

278 


28 

132 

152 

196 

233 

266 

30 

87 

131 

162 

206 

245 

281 


30 

137 

157 

200 

236 

269 

32 

93 

117 

167 

210 

248 

283 


32 

143 

162 

204 

240 

272 


1 Pub . de Circ . No. 40. 
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Expansion at 600 Bars. exlO e 



— 2°. 

0°. 

2*5°. 

5°. 

<r 0 = 27 

174 

191 

211 

228 

28 

177 

194 

213 

230 

29 

179 

196 

215 

232 


Expansion at 800 Bars, e x 10 6 



0°. 

2*5°. 

5°‘. 

u a =27 

229 

244 

259 

28 

231 

246 

260 

29 

232 

248 

262 


Expansion at 1000 Bars, e x 10 s 



0°. 

2-5°. 

5°. 

<r 0 = 27 

261 

274 

286 

28 

263 

276 

287 

29 

265 

277 

289 


been, measured. It may be calculated from 
the formula 

_ Te 2 

c ® Cv JpK’ 

T being absolute temperature, e coefficient of 
thermal expansion, p density, and K true 
compressibility. It will therefore be strongly 
influenced by the temperature and pressure, 
which affect p, Iv, and e (see above). 

For water of <r 0 = 28 (i.e. salinity 34-85 per 
cent) the ratio CJC V under atmospheric press- 
ure varies from 1-0004 at 0° to 1-0207 at 30°. 
Pressure also increases the ratio ; thus for the 
same water at 0° the ratio is 1-0009 at 100 bars 
and 1-0126 at 1000 bars. 

§ (8) The Thermal Conductivity has not 
been measured. If we assume Weber’s law 
that the conductivities vary as the specific 
heats of equal volumes, and take 0-0014 
C.G.S. units as the conductivity for pure water, 
we obtain the following values, for 17-5° C. : 

Thermal Conductivity at 17-5° C. 


The second table gives the increase of the 
coefficient of expansion between 0 and 100 
bars. 

The Tables generally show how greatly the 
coefficient of expansion is increased by an 
increase of salinity, temperature, or pressure. 

§ (7) Specific Heat. — The specific heat Cj, 
at constant pressure, under atmospheric press- 
ure, has been calculated by Krummel 1 for 
17-5° from observations made by Thoulet and 
Chevallier. 


S 7 O0 . 

Cp. 

S °/o=. 

C*. 

0 

1-000 

25 

0-945 

5 

0-982 

30 

0-939 

10 

0-968 

35 

0-932 

15 

0-958 

40 

0-926 

20 

0-951 




The change of Cj, with temperature has not 
been determined. It probably does not differ 
greatly from that of pure water. 

1 Cj, changes with pressure according to the 
relation 2 


3C* 

dp 


T3 a w 

— 10 s u — 
iU J dt* 




5 


p being pressure. 

Ekman 3 gives some values for the decrease 
for water of tx 0 = 28 and 32 at various 
temperatures. For water of 0° C. and <r 0 = 28 
the difference between at the surface and 
at 1000 bars, or say 9700 metres, is about 
0*0566. 

The specific heat at constant volume has not 


s Vo.- 

Conductivity x 10°. 

S7... 

Conductivity x 10*. 

0 

1400 

30 

1346 

10 

1367 

35 

1341 

20 

1353 

40 

1337 


The value probably fails with increase of 
temperature, as in the case of distilled water, 
and according to the same or a very similar 
law, 7c t = Jc 0 (l - 0*00550. The figures above are 
only approximate, but they serve to show the 
vanishingly small effect of pure conductivity 
in the sea. 

§ (9) Potential Temperature. — 1 This is the 
temperature which a body of sea- water would 
have if raised adiabatically from the depths 
to the surface. See § (49). 

§ (10) Osmotic Pressure and Lowering of 
Vapour Pressure. — The osmotic pressure in 
atmospheres at 0° C. has been calculated by 
Sigurd Stenius 4 from the freezing-points, using 
the factor - 12*08 and the change of boiling- 
point and vapour pressure by Krummei 5 


Salinity, 

Osmotic 

Pressure. 

Rise of 
Boiling- 
point. 

Lowering 
of Vapour 
Pressure. 


atm. 

°C. 

mm. 

5 

3*23 

0*08 

2*13 

10 

6*44 

0*16 

4*23 

15 

9-69 

0*23 

6*45 

20 

12*98 

0*31 

8*47 

25 

16*32 

0*39 

10*73 

30 

19*67 

0*47 

12*97 

35 

23*12 

0*56 

15*23 

40 

26*59 

0-64 

17*55 


1 Ozeanof/mphie, 1907 ed., i. 279. 

2 See “ Thermodynamics,” § (38), Vol. I. 

3 Ann . d , Hydr ., 1914, 312. 


4 dfversigt af .FinsJca Vetem'fcapfi-Societetens l Tiir- 
hctndlingar , Bd. 46, INTo. 6, Helsingfors, 1904. 

0 Ozecmographie , 1907 ed., i. 242. 
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A small correction for the effect of the 
change in heat of fusion and heat of dilution, 
which Stenius gives separately, is included 
here in the figures for osmotic pressure ; it is 
at most 0*07 atmosphere. 

§ (11) Evaporation*. — Wust 1 has calculated 
this from observations made at sea. Sea- water 
was exposed in hydrometer trial- jars with a 
surface of 283 sq. cm., and the loss by evapora- 
tion was determined by frequent titrations of 
the chlorine. Careful meteorological observa- 
tions were made at the same time. He found 
that the height of water in millimetres 
evaporated in twenty-four hours could be 
expressed by 

r = c./(^ 2 )(l-+aQ(0*98e JS - e d ), 

where c is a constant, f(w 2 ) expresses the wind 
effect, a is the coefficient of expansion of a gas, 


well. His values at 0° CL, in dynes per 
centimetre, are : 


8 7, oo. 

Surface Tension. 

S°/ 00 . 

Surface Tension. 

0 

77*09 

25 

77*64 

5 

77*20 

30 

77*75 

10 

7731 

35 

77*86 

20 

77-53 

40 

77*97 


The effect of salinity is therefore very small ; 
that of temperature rather greater. For in- 
stance, the value for water of 35 salinity 
falls from 77-86 at 0° G to 73-39 at 25° G 
§ (13) Viscosity. — This has been determined 
by Krummel and. Ruppin 3 relatively to dis- 
tilled water. The results are given in the 
following table, the viscosity of pure water at 
0° being put at 100; 


Salinity °/oo 



0. 

5. 

10. 

15. 

20. 

25. 

30. 

35. 

40. 

0° 

100*0 

100*9 

101*7 

102-5 

103*2 

103-9 

104*5 ' 

105-2 

105-9 

1 

96-0 

96-8 

97-6 

98*3 

99*0 

99-7 

100-4 

101-1 

101*8 

2 

92*6 

93-5 

94*3 

95-1 

95*9 

96-6 

97-3 

98 *0 

98-7 

3 

89*7 

90-6 

91*4 

92-2 

92*9 

93-6 

94*3 

95-0 

95-7 

5 

84*7 

85-5 

86*3 

87-0 

87*7 

88-4 

89*1 

89-8 

90-5 

10 

73*0 

73-8 

74*5 

75-2 

75*8 

76-5 

77*2 

77-8 

78-5 

15 

63*6 

64-3 

64*9 

65-6 

66*2 

66-9 

67*5 

68-2 

68-8 

20 

56*2 

56-8 

57*4 

58-0 

58*6 

59-3 

59*1) 

60-5 

61-1 

25 

49*9 

50-4 

51*0 

51-6 

52*1 

52-7 

53-3 

53-9 

54-5 

30 

44*9 

45-4 

46*0 

46-5 

47*0 

47-5 

48*1 

48-6 

49-1 


t the temperature, e 3 the vapour pressure of 
water at the temperature in the jar, here 
multiplied by 0-98 to allow for the lowering 
caused by the presence of salt, and e d the 
actual vapour pressure of the moisture in the 
air at the time. This led to the formula 

*> = 0-50(1 + 0-llu> a )(l + o0(O-98e* - e d ), 

where w 2 is in km./h. He then reduced the 
values for the speed of the ship, and finally to 
water level by means of determinations which 
he had previously made on the variation of 
wind force, humidity, and temperature from the 
sea surface up to 6 metres. He reached the 
final conclusion that the evaporation in the 
j ars was a little over twice what it would have 
been at sea-level, and that the mean yearly 
evaporation for the whole of the sea is about 
82 cm. 

§ ( 12) Surface Tension. — -This has been de- 
termined by Krummel 2 by the method of air- 
bubbles from a capillary tube. He found that 
the equation a = 77-09 - 0-1788* + 0-0221 S °/ 00 , 
where S is salinity, fitted the observations 

1 Veroff. hist. f. Meereslcunde , Berlin, H.'F. Rcihe A, 

lift. 6, 1920, 

» Wins. ■Meeresunt'irsuch. Kiel , 1900, Bd. 5, Eft. 2. 


The viscosity of pure water at 0° has been- 
measured by several observers : Bingham and 
White, 4 0-01797, Husking, 0*01793 6 CLG.S. 
The viscosity of sen-water is of importance 
chiefly from the biological point of view ; the 
frictional resistance affecting ocean currents 
is an entirely different quantity. The Tables 
show that viscosity is greatly decreased by rise 
of temperature, and slightly increased by rise 
of salinity. The viscosity of pure water is 
diminished by increase of pressure, while that of 
a strong salt solution is increased. The effect of 
pressure on sea-water has not been determined. 

§ (14) Electrical Conductivity. — Ruppin 0 
measured this at 0°, 15°, and 25° CL, and 
deduced the following formulae : 

L 0 o = 0-000978 S ”0-00000596 S* 

-b 0-0000000547 S 3 , 
Lr XB o = 0 001465 S -0-00000978 S 2 

4- 0 - 000000087 6 S 3 , 
1^0 = 0*001823 S ”0-00001276 S 2 

4 0-0000001177 S 3 , 

where S is salinity. 

a Wiss. M eere&unters. Kiel, 1906, ix. 29. 

4 Zlsch . z. physik. Chern. Ixxx. 684. 

& Phil. May., 1900, i, 502, ii. 260. 

® Krummel, Ozemioymphie , 1907 ed., i. 290. 
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It will be noticed that this gives the con- 
ductivity of pure water as zero. The tempera- 
ture coefficient is considerable, about 3 per 
cent. Khxudsen has found the following 
expression for it : 

log Li= log L 15 + e(t° - 15°). 

e varies only slightly with salinity ; according 
to Ruppin, at 0° it is 0-01135, at 2 5°, 0*00928. 


or more northwards of the Dogger Bank ; 
in the open oceans 50 to 60 m. lias- been 
often recorded. 

Observations made by Regnard 3 with a 
selenium cell, off Monaco, showed that half the 
light of the particular wave-length to which it 
was most sensitive was absorbed in the first 
metre, and two - thirds in the first seven 
metres ; beyond this depth the change was 


Conductivity rv Reciprocal Ohms 



Salinity. 


5. 

10. 

15. . 

20. 

25. 

30. 

35. 

40. 

0 

0*0048 

0-0092 

0*0135 

0*0176 

0 0216 

0-0254 

0*0293 

0-0331 

5 

0*0055 

0-0107 

0*0156 

0-0203 

0*0248 

0*0292 

0*0335 

0-0378 

10 

0 0063 

0-0122 

0*0178 

0-0231 

0*0283 

0-0332 

0*0382 

0*0430 

15 

0*0071 

0-0138 

0 0201 

0-0261 

0*0319 

0*0375 

0*0431 

0-0486 

20 

0*0079 

0-0154 

0-0225 

0-0292 

0*0357 

0-0420 

0*0482 

0-0543 

25 

0*0088 

0*0171 

0-0249 

0-0323 

0*0394 

0-0464 

0*0532 

0-0601 

30 

0*0097 

0-0187 

0-0273 

0-0354 

0*0433 

0-0510 

0*0585 

0-0660 


§ (15) Refractive' Index. — The most recent 
determinations, for the D-line, air- water, are 
by 0. Vaurabourg. 1 * 


very slow. He also measured the intensity 
by the amount of combination caused in 
tubes full of a mixture of hydrogen and 


t. 

<r 0 . 

4. 

8. 

12. 

16. 

20. 

24. 

28. 

32. 

0° 

1*33507 

1-33604 

1-33702 

1-33800 

1-33897 

1-33995 

1*34092 

1*34190 

5 

494 

589 

685 

781 

877 

973 

069 

165 

10 

470 

565 

660 

753 

848 

943 

038 

133 

15 

437 

530 

624 

718 

811 

905 

•33999 

092 

20 

396 

488 

581 

673 

766 

858 

951 

043 

25 i 

347 

438 

530 

622 

713 

805 

897 

•33988 

30 

291 

382 

473 

564 

655 

746 

836 

927 


The increase of refractive index with pressure is 
*000017 per atmosphere at 0° and 0*000015 at 
20° for distilled water ; the law for sea-water is 
probably similar if allowance is made for the 
smaller compressibility. 

§(16) Transparency. — T he larger number 
of observations on the transparency of sea- 
water have been made by noting the maxi- 
mum depth at which a white disc, generally 
0*5 m. in diameter, can be seen. The 
depth obviously depends to a large extent 
on the altitude of the sun and the amount 
of disturbance of the surface, so that the 
results are only roughly quantitative. The 
maximum depth recorded is 66 mu in the 
Sargasso Sea, with a disc 2 m..in diameter. 
In the North Sea the depth varies from 
5 to 12 m. in the southern part to 20 m. 

1 Oomptes Rendus , clxxii., April 4, 1921. ]STo. 14, 

on o> 7 


chlorine. The result was similar to that given, 
by the selenium cell. 


Depth 

(metres). 

HC1 

formed. 

Depth 

(metros). 

HOI 

formed. 

2 1 

79 

8 

10 

4 

25 

10 

9 

6 

13 




Helland-Hansen 3 carried out photographic 
measurements at considerable depths in the 
North Atlantic ; panchromatic plates ( Wrattcn 
and Wain wright) were exposed for various 
lengths of time, some of them under red, green, 
or blue filters. In clear weather in .Tune a 
plate was fogged at 1000 metres in. 80 minutes, 

2 La, Vie dans les eaux, p. 205. Paris, 1801 . 

2 Murray and Hjort, The Depths of the Ocean, 
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but not at 1700 metres in 120 minutes, no 
filter being used. It is difficult to compare the 
effects of the filters, since they increase the 
exposure necessary in the open air very con- 
siderably. A plate under a blue filter was 
affected in 40 minutes at 500 metres, but not 
under a green one ; red light was found to 
penetrate to 100 metres. At 500 metres the 
light still had a definite direction downwards, 
a plate exposed horizontally being more 
affected than one exposed vertically. 

§ (17) Absorbed Gases. — Oxygen and 
nitrogen (including argon) are absorbed accord- 
ing to their solubility under the particular 
conditions of temperature and partial pressure, 
while the solubility of carbon dioxide is affected 
by the fact that it is in equilibrium with dis- 
solved carbonates. It has often been suggested 
that the amount of dissolved gases in an under- 
current could be used to determine where it 
was last at the surface. In the case of 
oxygen this is incorrect ; experiment has 
shown that there are great bodies of water 
very deficient in oxygen, which must have 
been removed by living organisms. Nitrogen 
might give better results, but great un- 
certainties are caused by the mixing of the 
under layers. 

(i.) Nitrogen . — C. J. J. Fox 1 has obtained 
the following formula for the number of c.c., 
reduced to 0° and 760 mm., of nitrogen and 
argon dissolved by a litre of sea-water of 
various temperatures and chlorine contents 
in contact with an atmosphere assumed dry, 
free from CO a and at a pressure of 760 mm. of 
mercury, 

N ft s= 18-639 - 04304*$ + 0-007453* - 0-0000549* 3 
- 01(0*2172 - 0-007 1872 4 0-0000952* 2 ). 

(ii.) Oxygen . — The formula 1 for similar con- 
ditions is 

O a = 10-291 -0-2809/ 4 0-006009* 3 -0-0000632J* 
- 01(0-1 161 - 0-003922* 4 0-000063* 2 ). 

(iii.) Carbon Dioxide,— The solubility of 
carbon dioxide in sea-water cannot be expressed 
simply, since it depends partly on the excess 
of base over acid. It is a question of physical 
chemistry rather than pure physics, and this is 
not an appropriate place to discuss it, even if 
it could be done in a reasonable space. The 
papers byKrogh, 2 Pettersson, 3 Knudsen, 4 Fox, 5 
Kurt Ruch, 6 and Schulz 7 may be referred 
to. 

1 Pub. de Cire. No. 41. 

- Meddelelser om Grtynland, Hft. 6/7, pp. 331-434. 
Copenhagen, 1904. 

y SroL Geogr. Mag., 1894, pp. 300, 526, 625. 

* Den Dan she. IngolJ-Exped. Bd. i. Hft. 1. Copen- 
hagen. 

6 Pub. de Cire . No. 44. 

0 Mntdmui. hydro, biol. TJntersuch, No. 14. Helsing- 
fors, 1917. 

’ Ann. (L Bydr., 1921, 273. 


II. Methods of Observation 
Temperature and Collection of W ater Samples 

§ (18) Surface Temper attire. — This is 
easily determined by rinsing a bucket several 
times in the sea and then filling it and 
reading the temperature at once with a quick 
thermometer divided to fifths or tenths of 
a degree. The thermometer should not have 
any frame or case surrounding the bulb, 
which should be kept in the water during 
the reading. Canvas buckets should not be 
used ; the evaporation from the pores causes 
cooling. 

§ ( 19 ) Below the Surface: Maximum- 
minim um Thermometer (Midler - Casella 
Model). — This is a maximum-minimum ther- 
mometer of the Six pattern with movable 
indices, specially constructed to withstand 
pressure. It has been very 
largely employed in the 
past, but is now going out 
of use. In waters in which 
the temperature continu- 
ally decreases downwards, 
it gives results as accurate 
as the workmanship will 
allow. In coastal waters 
and in high latitudes 
generally a warmer layer 
is often found under a 
colder one, and in this 
case it will obviously fail 
to record the rise of tem- 
perature. It does not 
collect a sample of water. 

§ (20) Reversing Ther- 
mometer {Fig. 1). — The 
reversing thermometer 8 
has just above the bulb 
a small side-branch on the 
capillary ; above this again 
the capillary is much en- 
larged and bent into a 
curve for a short distance. 

The rest of the capillary 
is of the usual bore, and 
ends at the top in a rather 
large secondary hulb. It 
contains so much mercury 
that this secondary bulb 
is partly filled, and the 
amount of mercury stand- 
ing above the side-branch 
at any time will depend 
on the temperature. If 
now the thermometer be turned upside down 
(reversed) the mercury breaks at the side- 
branch and flows to the other end ; the stem 
is graduated to he read in this position. If, 
as is generally the case, the thermometer 
« V. Waif rid Elanan, Pub. de Cire . No. 23, 1905. 

2 X 



Fm. l 


vol. in 
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becomes warmer after reversing, owing to the 
higher temperature of the upper layers or 
of the air, more mercury will expand past 
the side-branch ; the curved enlargement is 
intended to trap this. In any case the broken- 
off thread will tend to expand and give too 
high a reading. To correct for this the 
temperature of the instrument as a whole 
must be read on the small auxiliary thermo- 
meter shown in the drawing. Then if we 
know the <fi volume at 0°,” that is, the volume 
of mercury which would be broken off at 0° C., 
expressed in units of the volume between two 
degree-lines of the reversing thermometer, 
and the coefficient of cubical expansion of the 
glass (or the apparent expansion of mercury 
in the glass), which quantities should be 
engraved on the instrument, we can calculate 
the correction to be applied. If a be the 
apparent expansion of mercury in the glass, 
and n be the volume of mercury broken off, 
i.e. “vol. at 0° ” + t° 9 where t° is the tem- 
perature shown by the reverser, then an 
increase of its temperature of 8t will cause a 
rise of andt , which must be subtracted from 
the reading. 

Reversing thermometers are uncertain in 
their action, sometimes giving good results 
for years and then developing serious errors. 
Pot this reason they are always used in pairs. 
They are sealed up in a strong glass tube to 
protect them against pressure. An unprotected 
thermometer shows such a large increase of 
the reading due to compression that it can 
be used very successfully as a depth-indicator 
when compared with a protected one. 

Reversing thermometers are used in a special 
frame which is caused to turn upside down at 
the required depth, either by a propeller or by 
a messenger dropped down the wire. Generally 
the frame is the c< reversing water-bottle ” 
described later. 

§ (21) Insulating Water-bottle and Ther- 
mometer { Fig . 2).— The Nansen - Pettersson 
water-bottle 1 consists of a number of con- 
centric cylinders, open at both ends and fixed 
to one another. The outer cylinder A, which 
alone is shown in the drawing, slides between 
guides B, which are really hollow tubes. The 
lower ends of the guides are united by a disc 
of metal O carrying a tap and a thick rubber 
washer ; the upper ends are united by a 
cross-piece D which carries the releasing gear. 
A lid E with washer, similar to the bottom 
plate, slides on the guides above the cylinder ; 
it carries on its upper side a strong slotted 
metal tube which acts as a thermometer guard 
and has in addition a catch which engages 
with the releasing gear. A delicate thermo- 
meter of the ordinary construction sealed up 
in an outer glass tube passes through a hole 
in the lid, so that its bulb projects below, and 
1 Ekman, loo. cit . 


the graduations are visible above through the 
slots. The water-bottle is lowered to the 
required depth open, in the position shown 
in the drawing, so 
that the water passes 
freely through the 
cylinders. On sliding 
a messenger down the 
line the catch is re- 
leased, the cylinders 
drop on to the bottom 
plate, and the lid falls 
and is pressed down 
firmly by springs con- 
tained in the guide 
bars. The insulating 
power of the various 
jackets of water is so 
great that the inner 
chamber will keep 
its temperature un- 
changed to a fiftieth 
of a degree, or less, 
for several minutes, 
up to seven, even 
when the water-bottle 
is hauled up through 
warmer layers of 
water. The insulating 
water - bottle cannot 
be used at depths 
greater than 400 
metres with accuracy. 

The water enclosed 
expands adiabatically 
as the pressure is re- 
duced, and the tem- 
perature falls. The 
correction may be 
calculated from the 
tables in § (49). 

Strictly, a correction should be made for the 
adiabatic cooling of the apparatus itself, but 
this cannot be done satisfactorily, since it is 
impossible to say how quickly the cooling of 
the outer parts affects the thermometer 
chamber. 

The water-bottle is extremely handy at the 
depths for which it is adapted, and gives the 
temperature and a large sample of water at 
the same time. 

§ (22) Reversing- Water-bottle { Fig . 3). — 
This is a plain metal cylinder A revolving on 
trunnions in a rectangular frame B. It is 
provided with a cover and rubber washer C 
at each end, which are pulled together by a 
spiral spring passing down the centre of the 
cylinder. On the outside there are two slotted 
tubes D to take reversing thermometers. 
When set the covers are pushed away from 
the cylinder by rods working on cams E, so 
that the water-bottle is open at both ends. 
On releasing it by means of a messenger or a 
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propeller the bottle turns ever, the covers 
close down firmly, and the thermometers are 
reversed. Several water-bottles may be used 



at once at various depths on a wire, each as it 
closes dropping a messenger on to the next. 
The drawing shows the bottle in the act o£ 
reversing, having revolved about a quarter 
of the full distance. Messengers are much to 
be preferred, in spite of the time they require 
to reach great depths. The propeller release 
may reverse the bottle at 100 fathoms in a 
heavy swell instead of the 3000 fathoms it was 
hoped to reach. 

The Richard 1 reversing water-bottle is also 
adapted to carry thermometers. It is closed 
by two large taps instead of by rubber washers. 
It is both light and cheap ; but great care 
must be used in the construction of the taps, 
in order to make certain that the whole of 
the metal is equally compressible. Any want 
of uniformity in this respect might lead to 
leakage. 

A large number of water-bottles of other 
patterns, differing more or less from those 
described above, have been used from time to 
time. Unfortunately there is reason to believe 
that leakage took place with some of the 
earlier makes. 

§ (23) Storage of Water Samples. — 
Water can bo preserved for years without 
change of chlorine in glass bottles if closed 
with rubber stoppers or washers. The milk- 
bottle pattern of about 6 oz. with porcelain 
stopper and rubber washer is suitable. Corks 
or ground-in stoppers should not be used. 

1 Bull. Inst. Oakm. Monaco, No. 374, July 25, 1920. 


Current Velocity and Direction 

§ (24) The Ekmax Current Meter 2 
(Fig. 4). — This consists of a vertical spindle, 
suspended from a wire and turning on ball- 
bearings, which carries a double vane to set 
it head to current, a six-bladed propeller on 
a horizontal axle, and a means of recording 
the direction. The propeller is very light, and 
the axle runs in jewelled bearings and is con- 
nected with counting dials by a worm gear. 
It is lowered to the required depth locked. 
A messenger is dropped down the wire and 
releases the mechanism ; a second locks it 
again. The time between the arrival of the 
two messengers, which may be five or ten 
minutes, with the number of revolutions re- 
corded, give the velocity of the current by 
a formula which has to be determined for 
each instrument. 

The method of recording the direction is 
very ingenious. Below the recording gear is 
a cylindrical box with its axis vertical, the 
bottom of which, is divided into Sectors of 



Fro. 4. 


ten. degrees each by raised radial partitions. 
In the centre is a vertical pivot on which 
swings a heavy compass needle, the arms of 
which slope slightly downwards ; one arm 
is grooved on the upper surface. The gear- 
box contains a hopper full of small bronze 
balls, and at intervals the revolutions of the 
propeller cause olio of these to bo released 
and drop on to the noodle. The ball runs 
down the grooved arm and falls into the 
compartment below the end of it. The mean 
direction of the current can be calculated from 
the distribution of the balls in the compart- 
ments ; with a steady current they will all 
be found in two adjacent to one another. 

The Ekinan motor has done good service, 
but it appears to bo too fragile for work in 
strong currents. 

It obviously must be used from a ship at 
anchor, or from some steady support. T. 
a Bub. de Circ. No. 24. 
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Nansen 1 has demised a buoy with clockwork lr 
releasing gear for use when it is impossible to 
anchor. 

§ (25) Nansen Current Meter . 2 — The 
Nansen current meter consists of a rect- 
angular vertical frame within which hangs a 
vertical pendulum with vanes and a sharp 
point at the lower end. It swings over the 
centre of a compass card coated with wax 
and directed by two strong magnets. The 
current deflects the pendulum from the vertical 
by an amount which varies as the square of 
the velocity. At intervals the pendulum is 
lowered on to the compass card by clockwork 
and the point makes a mark in the wax. The 
distance of the mark from the centre of the 
card, as shown by concentric rings on the 
latter, gives the velocity, and the direction is 
read off directly. Three different sizes of 
pendulum are used to suit currents of various 
strengths. The meter can b© used either in 
a tripod sitting on the bottom, or from a ship 
at anchor. 

§ (26) The Gurdey or Price Meter is em- 
ployed in America forriver gauging, but does not 
appear bo have been used for oceanographical 
work. It is well worth a trial. It is not 
unlike a Robinson anemometer, having six 
conical cups ou very short arms on a vertical 
spindle. A vane is provided to keep it head 
to current. At every revolution, or at every 
five revolutions, an electrical circuit is com- 
pleted and gives a signal in a telephone at the 
surface, with which it is connected by a cable. 
The necessity for a cable confines its use to 
moderate depths. 

§ (27) The Levee Current Meter , 3 in- 
vented by Jacobsen, is adapted particularly 
for use on lightships. A bracket projecting 
over the side of the ship carries on gimbals a 
frame on which are two circular spirit levels, 
and a short tube projecting downwards from 
the centre for a short distance. A wire is led 
from a drum over a counting block and down 
through the tube ; at the lower end is a sinker 
and a light cylinder which offers resistance 
to the current. The stray on the line, which 
depends on the current, deflects the tube and 
frame carrying the levels. The position of 
the bubbles in the latter gives the data for 
calculating the strength and direction of the 
current. 

§ (28) Effect of Turbulence on Current 
Meters. — Turbulent movement affects the 
various types of current meter differently. 
For all meters it will be found that if observa- 
tions are made in turbulent water consistent 
results will not be obtained unless the duration 
of the experiment is fairly long. Comparisons 
made in America 4 show that the Gurley (Price) 

1 Pub. de Cite . No. 34, 1906. 

2 Ibid. No. 34, 1906. a Ibid . No. 51. 

4 Groat, Trans . Amer . Soc. Civil Engineers . Ixxvi., 
Ixxx. 


meter, which is of the cup type, registers too 
high in turbulent water, while meters of the 
screw type, on horizontal axes, read too low. 

§ (29) Effect of Unsteadiness of the 
Support. — One of the great difficulties in the 
use of current meters from an anchored ship 
has been the excess velocities set up by her 
swings. Obviously, a ship might ' be swinging 
violently where there was no current ; the 
meter would be continually dragged through 
the water and record a high velocity. Nansen s 
has described many methods which have been 
used in attempts to surmount the difficulty. 

§ (30) Surface Currents can be measured 
by allowing some sort of floating drag, such 
as the old ship’s log, or a tow-net properly 
buoyed, to carry out a marked line. The 
time required to carry out a known length 
of line is measured and the speed calculated 
from this. The cc drift bottles,” soda-water 
bottles closed and weighted to just float, have 
been used for experiments on the great ocean 
currents. They are thrown into the sea and 
picked up elsewhere, generally on the shore, 
at some later date. They can of course only 
give a very rough idea of the strength and 
direction of the current. There are cases 
where bottles appear to have circumnavigated 
the globe. Other methods of measuring sur- 
face currents are described bv Wharton and 
Field. 0 

§ (31) Wire and Winches for use with 
Apparatus. — For all the gear described above 
a flexible steel cord of about 1000 lbs. breaking 
strain is amply strong. Such a cord may be 
composed of, say, 19 single wires twisted 
together, or 4 strands of 4 wires each, or if 
great flexibility is required of, say, 6 strands 
of 11 wires each with hemp hearts. The total 
diameter will be about 3 mm. For current 
meters it is better to use a smaller cord, which 
presents less surface to the water ; 300 lbs. 
breaking strain is sufficient. Valuable appar- 
atus should never be used on the single piano 
wire employed on sounding machines. 

The wire is stored on a strong iron or steel 
drum, which may be driven by hand when 
used in depths of, say, 200 fathoms. For 
deeper water a power-drive is necessary. 
The wire paid out is measured by running it 
over a * block with a counting device and a 
sheave of accurately known diameter. 

Determination of Salinity and Density 

There are only two methods in general use ; 
either the chlorine or the density is determined 
directly and the other quantities calculated 
from it. 

§ (32) Hydrometers . 7 (i.) Common Hydro - 
meter . — This is no longer used, as its accuracy 

5 Pub. de Giro. No. 34. 

6 Hydrographic Surveying. 

7 See article “Hydrometers/* 
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is not sufficient for modem work ; the error 
on the average is ± *2 of salinity. It is an 
elongated bulb with a fine stem and is weighted 
so that the stem is partly above the surface. 
The stem is graduated to read densities ac- 
cording to one of the many standards which 
have been used, and the number of these is 
one of the objections to its use. Scandinavian 
and German instruments give the density 
at 17-5° compared with that of distilled water 
at the same temperature if the reading is made 
at 17*5°. English hydrometers are graduated 
to read accurately at 15° or 15-56°, the unit 
of density being distilled water, sometimes at 
15-56°, sometimes at 4°. If the temperature 
of observation is different from that for which 
the instrument is made, a correction must 
be applied. Knudsen’s Tables give this for 
the continental form for several kinds of 
glass. 

(ii. ) Buchanan's Hydrometer . — An instru- 
ment to read all densities from 1 to 1-03 or 
a little more would have an inconveniently 
long stem if the scale were open. This 
difficulty may be got over either by the use 
of a number, each covering a short range, or 
by the form which was used by J. Y. Buchanan 
on the Challenger. This has a comparatively 
short scale, divided to millimetres, and can 
be made to float at a suitable height in any 
sea-water by the addition of small weights to 
the upper end of the stem. It is placed in the 
water under examination at an accurately 
* known temperature t° 9 and weighted till it 
floats at a certain mark. It is then put in 
distilled water at the same temperature and 
again weighted till it floats at the same mark. 
The volume of water displaced is the same in 
each case, but the weights of these volumes 
arc directly as the sum of the weight of the 
instrument and the small necessary additions. 
In practice the weights necessary for distilled 
water at various temperatures are determined 
beforehand, and the weight required in each 
case calculated by interpolation from readings 
on each side of the mark. It will be seen^ that 
great accuracy in the determination of the 
temperature is required, and that ample 
time must be allowed for equilibrium to be 
attained. A much more serious source of 
inaccux'acy is the surface tension of the water ; 
the slightest trace of grease, such as is almost 
unavoidable on a ship, causes so great a 
change in this, and consequently in the ring 
of water which rises round the stem, as to 
affect the readings considerably. 

(iii.) The Total, Immersion Hydrometer avoids 
the latter difficulty. It is an elongated bulb 
with a very short stem, and in use small 
weights are dropped over the latter and the 
temperature adjusted until it swims in mid- 
water, when obviously the density of the 
water and the hydrometer are equal. With 


care the results are correct to 5 in the sixth 
place of decimals. 

Another form, has been suggested and is 
now under trial ; instead of weights it carries 
at its lower end a fine gold chain, and the 
length of this which is lifted off the bottom 
depends on the density of the water. The 
reading is made by bringing the top of the 
bulb in line with, marks etched on the trial- jar. 

The hydrometer is not to be recom- 
mended. The stem form is uncertain, owing 
to changes in the surface tension, and all forms 
are very sensitive to temperature and tedious 
in use if passable results are to be obtained. 

The pycnometer 1 need not be described here. 

It is very accurate when properly used with 
a counterpoise of similar size and shape made 
of the same glass, but it is far too slow for 
routine work. The best results are obtained 
by working at the melting-point of ice. 

§ (33) Chemical Determination of Chlor- 
ine. — The salinity and density can, of 
course, be determined from the cc chlorine ” 
content by Knudsen’s Tables. There are two 
volumetric methods in use, both of which are 
very accurate. Volhard’s method is probably 
the more exact, but it is too slow and requires 
too much manipulation for routine work. It 
will be found in any good text-book of volu- 
metric analysis. 

The method almost universally employed 
is Mohr’s. It is quick, and even when the 
most accurate results are required they can 
probably be obtained with less trouble by 
taking the mean of, say, four determinations 
than by Volhard’s method. 

The accurate analysis of a large number of 
samples without the errors due to fatigue 
depends so much on the smaller details that 
the method is described here fully. 

If a solution of silver nitrate be added to 
a neutral or faintly alkaline solution of a 
chloride, such as sea - water, a white curdy 
precipitate of chloride of silver is thrown down, 
while if it be added to a solution of a chromate, 
such as chromate of potash, a red precipitate 
is formed. If the silver solution be added to 
a mixture of chloride and .chromgte, a white 
precipitate is formed at first, and then as soon 
as the last trace of chloride has been pre- 
cipitated the red colour of chromate of silver 
appears. In order to attain the requisite 
accuracy special burettes and pipettes are 
necessary. 

The pipette (Fig. 5) generally used is of the 
Knuds en pattern, with a three-way tap instead 
of a mark ; water is sucked up through one 
branch and allowed to flow out by admitting 
air through the other. The upper stem should 
be long enough to allow of the pipette being 
held by it without heating the bulb, and the 

1 Bee “Balances” § (15), Tensity by means of 
Pylmometer. 
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lower should reach to the bottom of the sample 
bottle. The capacity may be from 10 c.c. 

to 15 c.c. ; it need not be 
known with the highest ac- 
curacy since the method is 
purely comparative. When 
running the water out it should 
he held vertically, and as soon 
as it is empty except for the 
drop at the bottom the point 
should he held against the side 
of the tumbler for some in vari- 
able length of time, say 10 
seconds. The method of blow- 
ing out the last drop by warm- 
ing the bulb in the hand is 
not to be recommended, as 
it introduces uncertainties into 
the measurement of the next 
sample. When clean, such a 
burette is accurate to about 
one part in four thousand. 
Ostwald’s tap grease is the 
best, but there is no kind 
soil the pipette sooner or later. 
The burette (Fig. 6) is of the bulb form ; 
the larger part of the capacity, which is not 
generally required, is expanded into a bulb 
at the top so as to decrease drainage errors. 
Instead of a zero mark there is a fine jet ; 
each time the burette is filled a little of the 
silver solution is allowed to overflow into the 
cup. The unit of graduation is equal to 2 c.c. 
and the graduation is from 16 to 21-5 or 
from 18 to 24, corresponding to salinities of 
about 27-9 to 38-8, or 32-5 to 43*3. The 
length of a unit should be about 4 cm. and 
should, be divided into 20 parts. The burette 
shown, in the figure is provided with glass taps, 
and the lubricant is a continual source of grease 
and dirt. A much more convenient method 
is to use thick-walled rubber tubing (pressure 
tubing) and strong screw clips. A wooden 
stand is better than a metal one, and should 
be made to support the rubber firmly on both 
sides of the clip. With such an arrangement 
the burette will remain clean, for years, except 
for a slight dark deposit of reduced silver which 
does no harm. The calibration of course 
should be done with the greatest accuracy. 

The silver nitrate solution should be made 
from, the fused salt, in order to avoid any trace 
of acidity, and should he of such a strength 
that when a pipetteful of the standard is 
titrated the burette reading is the same as the 
chlorine marked on the sealed tube within 
0-145. The standard generally contains about 
19*38 parts per thousand of chlorine ; in this 
case, with a 10 c.c. pipette, the silver nitrate 
solution should contain 24*50 grin, per litre. 

The indicator is a 10 per cent solution of 
neutral chromate of potash. The titration 
is made in plain thin glass tumblers ; a tray 


is provided with compartments to hold 36 
tumblers, and the compartments and tumblers 
are numbered. 

The standard water (normal water of the 
International Council) is emptied from a sealed 
tube into bottles of the kind used to hold the 
samples, generally 6-oz. or 7-oz. milk bottles 
closed by porcelain stoppers and rubber 
washers held down by swung catches of ware. 
The bottles are allowed to stand for some hours, 
or better overnight, near to the burette and 
stock solution, so that everything takes the 
same temperature. Exposure to the rays of 
the sun or any other source of irregular heating 
should be carefully avoided. Four pipettefuls 
of standard water are measured into the first 
four glasses, and then the samples to be 
analysed. All should thus be at the same 
temperature. One of the standard waters is 
then analysed. Two drops or more of the 
indicator are added to the water in the 
tumbler, and the 
silver nitrate is run 
in with constant 
stirring, quickly at 
first, and then slowly 
as the red colour 
becomes more last- 
ing. Finally it is 
added a drop at a 
time until the red 
colour is permanent 
for half a minute. 

It is better to 
titrate to the first 
slight change in 
colour of the pre- 
cipitate, not much 
more than a slight 
soiling, rather than 
to a distinct red. 

Ten of the samples 
are then titrated, 
then a standard, 
and so on. The ad- 
vantage of measur- 
ing out a number 
of standards and 
samples at the be- 
ginning is that it is possible to break off 
the work when only half done if necessary, 
and resume it later without causing any 
inaccuracy. The results of course are read 
in silver per volume of water. They must be 
calculated to weight, and this is easily done by 
the corrections given in Knudsen’s Tables, 
provided that the silver nitrate has been made 
up of the correct strength within 0*15. 

The method is very accurate when once it 
has become mechanical, and a difference of 
more than 0*01 Cl between duplicates is a 
sign of something wrong, generally either 
grease in the apparatus or a chipped point 
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on the pipette. Sea water of low salinity, 
less than 20, need not be analysed with quite 
the same accuracy as ‘a rule, and a good 
cylindrical burette of the ordinary pattern is 
sufficient. 

§ (34) Determination of Salinity by 
Optical Methods. — The refractive index can 
be measured with a refraetometer to about 
0*00005, corresponding to say 0-2 salinity, 
which is inadequate for accurate work. The 
Rayleigh interferometer is capable of giving 
all the accuracy necessary, and since it is a 
comparison instrument it is almost unaffected 
by temperature, but in its present form it is 
unsuited to routine use. The optical method 
should be of great value if used at sea for 
preliminary determinations, hut it cannot 
as yet replace the chemical method or the 
direct observation of density. It remains to 
be proved, that the refractive index hears a 
constant ratio to chlorine and cr 0 , and 
in any case there is considerable danger of its 
being affected by glass dissolved from the 
storage bottles. 

§ (35) Determination of Salinity by 
Electrical Methods. — The temperature co- 
efficient of conductivity is considerable, about 
3 per cent p>er degree. It is possible to arrange 
the apparatus in a suitable hath so that 
differences of temperature are eliminated, but 
the objections to the optical method apply 
here with even greater force, and indeed recent 
experiments have shown that in some areas 
there are wide differences between the results 
of the chemical and conductivity methods, 
while in others the agreement is excellent. 

III. The Theory of Ocean Currents 

§ (36) The cause of ocean currents has 
been a fruitful source of controversy. Some 
have imagined it to be some action, analogous 
to the forces which raise the tides, others con- 
sider differences of density the moving force, 
and a third school attributes them to wind 
friction. Otto Pettersson has attached great 
importance to the effect of melting ice, a 
special case of differences of density. In the 
opinion of the present writer' the friction of the 
permanent and semi-permanent winds far out- 
weighs the other factors. Differences of 
density are of less importance, except in some 
special areas, though they have great influence 
on the character of the water in any place where 
vertical convection currents can be set up, and 
are undoubtedly responsible for the slow creep 
of the cold Polar waters along the bottom 
towards the equator. Melting ice has been 
observed to set up strong currents in its neigh- 
bourhood, both in the open sea and in the 
Scandinavian fjords, but its influence is prob- 
ably only local. Difference of barometric 
pressure between two places over the sea can 


give rise to currents which, however, are only 
transitory ; equilibrium is soon reached, and 
the currents cease. The factors which modify 
a current already set up are the rotation of the 
earth, the frictional resistance of the water 
particles among themselves or against the 
bottom, and the coastal configuration. Finally, 
it must be remembered that water, unlike the 
atmosphere, is inextensible, and that if it is 
removed from any area, as, for example, by a 
wind-drift, other water must flow in to replace 
it. 

§ (37) Effect of the Rotation of the 
Earth. — It is convenient to consider this first, 
since it is universal and can be calculated 
accurately. According to the well-known law, 
any particle moving on the surface of the earth 
is subject to a force which tends to accelerate 
it to the right of its path in the northern hemi- 
sphere and to the left in southern latitudes. 1 

For unit mass 

F = 2cot? sin 0, 


where co is the earth’s angular velocity of 
rotation, 2^r/86164 secs. =*00007292, v the 
velocity of the particle, and <j> the latitude. 
The force is therefore zero at the equator and 
a maximum at the poles, and is independent 
of the direction. Consider the case of a 
particle moving with constant speed on the 
surface ; its path, if otherwise undisturbed, will 
be curved. If r is the radius of curvature, the 
tangential force is v 2 /r 9 and this is in equilibrium 
with the deviating force, so that 

v 2 /rz=2tov sin 0, 


and 


v 

2co sin 0* 


Since r changes with the latitude the path 
would he a series of loops, were it not for the 
fact that in nature the force which set the 
particle in motion in the first instance con- 
tinues to act unchanged for an appreciable 
length of time. If v be 1 metre per second and 
r in kilometres we have the following values 
for the latter : 


bat. 

r. 

bat. 

r . 

0 

00 

40 

10*7 

2i 

157 -2 

50 

9*0 

5 

78 -7 

60 

7-9 

10 

39*5 

70 

7*3 

20 

20*0 

80 

7*0 

30 

13-7 

90 

6*9 


These quantities are often required in theo- 
retical investigations. The effect of the 
deviating force is difficult to measure owing 
to other disturbing factors which have to be 
taken into consideration, hut numerous ob- 


1 Bee article ** Atmosphere, Physics of the/’ § (8) 
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servations of it have been made, especially in 
the Baltic, where the conditions are relatively 
simple- Dinldage 1 found that at the Adler 
Ground Lightship here the mean deviation of 
the drift was 28° to the right of the wind and 
that deviations to the left were uncommon. 
The theoretical value for an ideal boundless 
ocean of infinite depth is 45°, but, as will be 
shown later, a correction must be applied on 
account of the small depth which brings theory 
and observation into better agreement. 
Similar confirmation has been obtained by 
examination of ships’ logs from the Mediter- 
ranean and. Indian Ocean. 

§ (38) Skin Friction or Tangential Press- 
ure OF THE WlND ON THE SEA. Colding 2 

found thait the relation between the wind 
velocity w and the height to which the water 
was piled up against the shore by the great 
storm of November 1872 in the Baltic could 
be expressed by a formula which in cm. and 
secs, is 

= 14450 \Id sin y, 

d being the depth and y the angle between the 
surface of the water and the horizontal plane. 
Ekman (§ (55)) has found the relation 

«. 3 T 

Sm T-f 

where T is the tangential force, p the density 
of the water, and g gravity. Combining the 
two equations, 

T = 0*0000032u? 2 , 
which may be written 

T =0*0025 Pa w z , 

where p A is the density of air. 

Cr. X Taylor 3 has obtained the value 

T = O'OO2/> A i0 8 

for the friction, of the wind over grass from 
measurements made on Salisbury Plain. The 
agreement of the constants is remarkable con- 
sidering the great difference which, there prob- 
ably is between the effective roughness of 
grass and a, shallow sea during a violent storm. 

§ (39) Skin Friction of a Current on the 
Bottom. — Taylor’s results given above were 
obtained at wind velocities of 6 to 30 miles 
per hour. According to the law of similitudes 
the same formula should hold good at velocities 
of from 6/11 to 30/11 miles per hour for the 
friction of an ocean current on the bottom, 
assumed to be of the same roughness as grass, 
the density of water being used instead of that 
of air. 

* Ann. d. Hy&r., 1888, p. 1. 

2 BansJce Vi&ensk . SelsJcabs BTerifter. Natur, og 
Math. Afd., 1881, i. No. 4. 

3 Proc . Roy. Soc. A. 92, 1916, p. 196. 


§ (40) Relation between the Velocities 
of Wind and Current. — N ansen found the 
relation 

v = *Ql9w 

for an ice-covered sea, where v is the velocity 
of the surface current and to that of the wind. 
H. Mohn 5 selected from the wind and current 
charts of the regions within 20° of the equator 
those cases where their directions coincided 
approximately, and obtained the relation 

t? = -047?^. 

Mohn’s original figures have been recal- 
culated, using Koppen’s values for the con- 
version of Beaufort strengths of wind to metres 
per second. If Ekman’s theory (§ (50)) that the 
constants should be in the inverse ratios of the 
square roots of the sines of the latitude is 
correct, then the relations would agree if we 
assume that the latitudes were 82° and 3°. 
In any case, however, modern theory shows that 
the selection of the cases where the directions 
of wind and current are the same is inadmis- 
sible. Dinldage 6 obtained from observations 
at the Adler Ground Lightship in the Baltic 
the relation v = -013w for winds of 6*2 metres 
per second or less, and w = *014tt; for higher 
velocities. R. Witting 7 investigated a large 
number of observations made at Finnish light- 
ships and deduced the relation v = 0*48 sj w 9 
or if Koppen’s values for the reduction of the 
Beaufort scale are used, v = 44 sjw, v and vo 
being in cm. per sec. ; he found that an ex- 
pression of the form mw, where m is a constant, 
could not be made to fit the observations so 
well. Galle 8 examined the records in ships’ 
logs for the Indian Ocean and found that if 
only the wind component in the direction of the 
current was used the relation was v = -044w* 
In shallow waters, such as the Baltic, the cur- 
rent consists of a pure wind -drift down to the 
bottom, while according to Ekman there is, in 
deep water near a coast, a wind -drift resting on 
another current caused by the piling up of the 
water. H. Thorade 9 attempted to separate 
the surface movement into the surface drift, 
which alters rapidly with change of wind, and 
a deep current which only changes slowly. 
He came to the conclusion from material 
contained in ships’ logs that with a given 
wind the pure drift current varies inversely 
as the square root of the sine of the lati- 

4 “ Oceanography of the North Polar Basin," The 
Norwegian North Polar Expedition, 1893— J $06, No. 1) 
(Christiania, 1902). 

5 <c Density, Temperature, and Currents ,* * Nor - 

ivegictn North Atlantic Expedition , 1676 — ,767.tf 

(Christiania, 1887). 

6 “ Die Oberflachenstrdmungen in Sudw„ Tie. d. 
Ostsee,** Ann. d. Hydr 1888, p. 14. 

7 Ann . d. Hydr., 1909, p. 193. 

8 Meded. en Verhand. Kon . Ned. Met . Inti, 
(Utrecht, 1910), No, 9. 

9 Ann. d. Hydr., 1914, p. 379. 
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tude, and that for low wind velocities the 
relation is 

*259 sjw 

v -- p ====, 9 

v sin <f> 

for high velocities 

•01 2Qw 

v sin <p 

§ (41) Coastal Configuration; — The 

general circulation of the ocean is broken by 
the land masses -which Confine it to relatively 
small areas in which the water rotates, clock- 
wise, in the northern halves of the Atlantic and 
Pacific Oceans, and in the opposite direction 
in their southern halves. It is only in high 
southern latitudes that the currents find a free 
sweep, and here they flow eastwards round 
the world. The continents also influence the 
currents indirectly by their effect on the dis- 
tribution of atmospheric pressure, and hence 
on the winds and wind-drifts. The most 
striking instance of this is found in the northern 
part of the Indian Ocean, where the currents 
are reversed twice in a year by the monsoons 
set up by the Asiatic continent. 

On a smaller scale the influence of the coast 
line is generally beyond the reach of mathe- 
matical treatment on account of the many 
complications encountered, but on the whole 
it is what might be expected by any one who 
has watched a river flowing past piers and over 
falls. A current tends to flow parallel to a 
coast on which it impinges, and when the coast 
lies to its right, in the northern hemisphere, 
the current follows it closely, as, for instance, 
the East and West Greenland currents. If the 
current meets a coast, even at a very small 
angle, eddies are formed on both sides of it 
which rotate in opposite directions. A current 
meeting a coast nearly at right angles may be 
split into two parts, as the South Equatorial 
current is split on Cape San Roque. The 
eddies formed are often so large as to deserve 
the name of currents themselves ; many 
charts ax*e misleading on this point, and show 
the water as moving in smooth regular curves. 

Krummel 1 has described some interesting 
experiments made in tanks shaped roughly to 
resemble the oceans ; and if due regard be 
paid to the law of similitude, valuable quanti- 
tative information may be obtained as to the 
probable effect of obstructions in estuaries. 
Ekman (§ (54)) has investigated mathematically 
some sim ple cases of the influence of the coast 
line on wind- drifts. 

§ (42) CURRENTS DUE TO MELTING lOE. 

Otto Pettersson 2 has advanced a theory 
according to which the melting of the Polar ice 
is the cause of currents, not only in its neigh- 

1 Ozeanoffrtiphie, 1011 ed., ii. 471. 

a Geogr. Journal , 1906, p. 285 ; 1907, p. 279 ; 

and elsewhere. 


bourhood but also in regions far removed. It 
is explained by Fig . 7, which shows one of a 
large number of experiments made by J. W. 
Sandstrom. A block of ice floats at one end 
of a tank of sea -water and melts in it. As the 



face of the block melts the water in contact 
with it is so much diluted that, in spite of its 
low temperature, it floats and flows away as 
a surface current. On the under side of the 
block the water is strongly cooled without 
undergoing much dilution, so that it sinks and 
flows away as a bottom current. Between the 
two a mid-water current moves towards the ice. 
It is highly probable that such a circulation 
takes place near the ice-fields, and it has been 
measured in detail, in fjords by Sandstrom ; 
but the total amount of ice melted in the Polar 
regions in each year appears to he too small to 
account for the great ocean currents. 

§ (431 Compensation Currents. — Since 
water is inextensible, it follows that if it be 
removed from any area, as, for instance,, by 
the wind, other water must flow in to take 
its place. The compensation generally takes 
place horizontally, but where the wind blows 
away from the coast the rate of removal may 
be so great that water is also sucked up from 
the depths, and can usually be recognised by 
its salinity and temperature. Thus low surface 
salinities occur along the dry riverless south- 
east coast of Arabia, and low temperatures 
along the west coast of Africa in the Trade 
Wind area. On the small scale the pheno- 
menon is well shown in the Baltic. Krummel 3 
quotes a case where, in August in the Memel 
Deep, after long-continued east winds, the 
coastal temperature fell from 19° to 8° in the 
course of a day while it was still 18° at four 
or five miles off shore. 

In the same way a wind-drift impinging on 
the coast escapes partially downwards and 
carries the surface temperature to the depths, 
as on the west side of the Atlantic Ocean in the 
path of the Equatorial Currents. 

Compensation currents may occur far from 
land. The Guinea Current is a horizontal com- 
pensation current flowing eastwards between 
the two westerly Equatorial Currents of the 
Atlantic. 

One of the greatest compensation currents is 
found at considerable depths in low latitudes, 
where the cold bottom water rises towards the 

I 3 Ozeanographie , 1911 ed., ii. 536. 
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surface to replace that carried away by the 
rapid wind-drifts of the equatorial regions. 
On the east side of the Atlantic Ocean the 5° 
isotherm rises to 600 m. under the equator, 
while in 30° N. lat. it is found at 1500 m. 

§ (44) The Vertical Circulation. — In ad- 
dition to the vertical compensation currents 
we have those due to changes of density. 
With the possible exception of rising currents 
in the great depths they have their origin in an 
increase of the surface density either by evapo- 
ration, as in the Trade Wind areas, or by 
cooling. A decrease in the surface density by 
heating or by dilution can obviously only in- 
crease the stability, so that ascending currents 
of this type cannot arise except indirectly as 
the result of displacement by descending 
currents. The effect of such changes of density 
is well shown in the English Channel and the 
North' Sea. In the winter the water is of 
nearly the same temperature and salinity at 
all depths. As spring advances the surface 
gains more heat by day than it loses by night, 
so that it becomes lighter and the vertical 
circulation is impeded. This makes it possible 
for the land- water to collect in the upper strata 
and form a layer of low salinity and density. 
Once such a layer is formed the vertical cir- 
culation is confined almost entirely to it, since 
the nightly cooling of the surface water cannot 
make the latter heavy enough to break through 
into the dense lower layer. The heating of the 
surface then becomes more rapid, so that in 
extreme cases the temperature has been found 
to fall at the rate of one degree per metre on 
passing from one layer to the other. Such a 
layer of rajoid change is known as the dis- 
continuity layer, thermocline, or in German as 
the sprungschict. 

An interesting case of vertical currents due 
to evaporation is found in the Trade Wind area, 
where the descending water probably makes its 
way equatorwards, and there continually 
renews the layer of relatively high salinity 
which underlies the fresher surface water of 
the equatorial rain belt. 

§ (45) The bank water is a phenomenon 
which is probably due to vertical circulation. 
Nansen 1 showed that in regions where the 
surface water flows from areas where rainfall 
is low to others where it is high, as in the 
north-eastern Atlantic Ocean, the salinity over 
shallow hanks at some distance from the 
nearest land is often less than over the sur- 
rounding deep water. He explained this on 
the supposition that the natural depth of the 
circulation is greater than the soundings on the 
banks, so that rain falling on the latter is 
mixed with a smaller proportion of sea-water 
than is the case over the deep water. This 

1 “ Pas Bodenwasser und die Abklihlung des 

Meercs,’ 9 Internal . Rei\ Gesamt. HydrobioL und 

Hydrographic (Leipzig, 1912). 


explanation necessitates relatively slow hori- 
zontal movements over the banks. 

§ (46) The bottom water of the great 
oceans at depths over about 2000 m. has a 
temperature of 3° or less, except in areas which 
are cut off from the general circulation, by 
submarine ridges rising towards the surface. 
The bottom temperature is lowest where the 
connection with high latitudes, and high 
southern latitudes in particular, is most open. 
It is generally agreed that this bottom water 
is due to descending currents in the regions 
surrounding the poles, but the exact place 
and mode of formation is disputed. Otto 
Pettersson holds that it is due to cold descend- 
ing currents from melting ice (§ (42)). Nansen 2 * 
has attacked this theory on the ground that by 
far the larger portion of the ice is shallow pack 
which, in the North Polar Basin at any rate, 
floats in a layer of low salinity formed by the 
discharge from the rivers which drain into the 
Arctic Ocean, so that it is completely cut off 
from a vertical circulation reaching to the 
bottom. He supports this view by experi- 
ments. If ice is floated on warmer sea-water in 
a jar, the vertical circulation ceases as soon 
as a surface layer of low salinity has been 
formed, but if it is enclosed in a metal 
box, which either floats or is suspended just 
above the surface, the vertical circulation to 
the bottom of the jar continues as long as 
any ice is left. The last case corresponds to 
radiation from the sea to the sky. It is 
obvious, on Nansen’s hypothesis, that the 
.bottom water can be formed only where the 
density, apart from compression, is nearly the 
same at all depths. He suggests one place, 
for instance, east of Cape Farewell where, in 
autumn, the surface salinity is slightly less than 
that on the bottom. During the winter the 
salinity is raised by the formation of ice which 
is continually broken up by the wind so as to 
expose a fresh surface of water to the air. In 
late winter and early spring the salinity has 
become equal to that on the bottom and the 
temperature is a little lower. The dense 
water sinks and is warmed adiabatically by 
compression until its temperature is the same 
as on the bottom. 

According to this hypothesis the bottom 
water is due to the formation of ice, and not 
to its melting. The localities suggested by 
Nansen for its origin are all over deep water, 
but the observations of the Deutschland in the 
Weddell Sea led Brennecke to the conclusion 
that, in southern latitudes at least, it “may be 
formed on the shallows. 

§ (47) Vertical Equilibrium: and Sta- 
bility. — It has generally been the custom to 
discuss questions of vertical equilibrium, such 
as that in the Trade Wind areas (§ (44)), on 
the basis of <j t only, and to neglect the effect 
2 Loc . ciL § (45). 
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of pressure. For instance, it was assumed 
that if water at the surface was slightly 
denser than another body of water at a 
greater depth, the density in each case being 
referred to atmospheric pressure, the former 
could in all cases sink below the latter. An 
advance was made when the adiabatic heating 
due to compression and the resulting decrease 
in density were taken into account, but for a 
complete discussion it is necessary to consider 
the effect of differences of salinity also since 
they affect the compressibility. The problem 
has been fully treated by Th. Hesselberg and 
H. U. Sverdrup. 1 

At the depth z metres let salinity, tempera- 
ture, pressure in decibars, and density be 
s, t, p, and p s , t , 3, ; and at the greater depth 
z + dz let the corresponding quantities be 
s + ds, t-\- dt, p + dp, and Pa + as, t+dt, p+dv. Let 
a water-particle A be brought down from the 
depth z to another particle B at the depth 
z + dz. It will be heated adiabatically by an 
amount dip, and the corresponding change in 
density will be (3 p/dt)djp, so that the density 
will now be 


Ps, ty v+dv^ 


d ±c 

df 


If A is now lighter than B it will tend to rise 
again ; if its density is the same as that of B 
it will remain at rest in indifferent equilibrium, 
and if the density is greater it will tend to sink 
still deeper. 

The difference of density 


/ 0p 

A p=p s +ds, t+dt, v+dv-(ps, t, P+dP + fifdip) 


is then a measure of the vertical stability 
between z and z + dz. The stability at a point 
can be defined as 


E 


__A p 
~dz’ 


A pjdz being distinguished from dp/dz, which 
is the change of density downwards apart 
from any movement in the water. 

Since 


Ps+ds, t+dt, p + dp-~Ps, t. 


p + dp + -I- 


•p (dt _ d£\ , dp ds 
' ~oi\dz dz) ds dz 


If the salinity is constant, as is the case in 
great depths,' the term dp Ids ds/dz vanishes. 
Bruno Schulz 2 points out that it is more 
correct to multiply dtjdz by 3p/3f calculated 
for the mean temperature t + \dX. Hesselberg 
and Sverdrup 3 give tables to facilitate the 
calculation of the stability founded on 


1 “ Die StaMlitiitsverhiilt.nisse dea Sccwaasere,” 
Bergcns Museums Aarltolc, 1014-1915, No. 15. 

» “ Die Bcnrtcilung ties vertikalim Uleichgewichts 
im Meere,” Ann. d. Hydr ., 19.17, p. 93. 

“ Loc. cit. 


Ekman’s figures for compressibility and the 
adiabatic heating. The stability varies greatly 
from place to place. In the Atlantic in 28|-° 
N., 19° W., in May, in an instance examined 
by the last -mentioned authors, it was negative 
from the surface down to a depth between 
25 m. and 50 m., then rose to a very high 
value, after which it decreased downwards and 
became neutral at 5000 m. At this station 
the temperature and salinity were nearly 
constant down to 50 m. Schulz 4 gives two 
instances, from deep water near the Philippines 
and New Britain, where it was very high near 
the surface owing to an increase of salinity 
and decrease of temperature with the depth, 
became neutral at from 5000 m. to 6000 m., 
and below these depths was negative down to 
the bottom. 

§ (48) Conditions in a Partially En- 
closed Sea. — In a sea cut off from the general 
bottom circulation by submarine ridges the 
bottom is filled by the densest water which 
has access to it. This may be derived either 
from the surface during the winter or from the 
stratum of water in the surrounding sea at the 
greatest depth found on the ridge, and since, 
on the whole, temperature has more influence 
than salinity upon the density, it may be said 
that the bottom water will come from the 
colder of these two sources. It was at one 
time believed, chiefly on the ground of ob- 
servations made with the maximum-minimum 
thermometer, that the temperature was uni- 
form from the saddle depth to the bottom, and 
indeed this instrument could not have shown 
a rise. Later investigations with the reversing 
thermometer show that in many cases the 
temperature reaches a minimum and then rises 
again with increasing depth. Such conditions 
are found in the Arctic Ocean, 5 the Mediter- 
ranean Sea, 6 and the western Pacific Ocean. 7 
This appears to be due, in part at least, to the 
adiabatic heating of the water by compression 
as it sinks (§ (49)). In the Mediterranean 
the heating is slightly less than is demanded 
by theory, in the Arctic Ocean it is slightly 
more, and in the remarkable depressions of 
the western Pacific near the Philippines and 
New Britain the excess reaches 0-3° or 0-4° 
on the bottom. The minimum temperatures 
occur at the level of the bottom of the sur- 
rounding sea, and from this depth downwards, 
in the western Pacific, the salinity is constant 
and the temperature excess increases at the 
rate of 0-1° per 1000 m. The cause of the 
excess is somewhat obscure. The normal out- 
flow of heat from the earth’s crust is com- 


4 Loc. cit. „ , _ , 

6 Fridtjof Nansen, The Norwegian North Polar 
Expedition, ill. 341 (Christiania, 1902). 

0 V. W. Ekman, Pub. de Circ. No. 43 ; and J. N. 
Nielsen, Danish Oceanographical Expedition to the 
Mediterranean, 1908-1910, i. 142 (Copenhagen, 1912). 

7 Gr. Schott, Ann. d. Ilydr., 1914, p. 321. 
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para'tively small and would require nearly 200 
years to produce the observed effect, but it is 
scarcely possible that the water can have been 
stagnant so long without having been at the 
same time so completely mixed by convection 
currents that the increase of temperature down- 
wards would have been obliterated. It is 
possible, as Schott suggests, that the excess 
of temperature is due to the volcanic nature 
of the neighbouring lands. 

§ (49) Adiabatic Temperature Gradient. 
— If a small volume of water -particle be com- 
pressed, by sinking towards the bottom of the 
sea for instance, its temperature will be raised 
by an amount given by the formula 


St 


/Te_ 
t y 




where T is absolute temperature, J the mechan- 
ical equivalent of heat, p the density, c# the 
specific heat at constant pressure, and p the 
pressure ; and if it he decompressed it will be 
correspondingly cooled. In each case it is 
assumed that no heat is gained or lost by con- 
duction. If the temperature of a body of 
water increase downwards at such a rate that 
a water -particle rising from the bottom will 
reach each depth with the temperature that 
already prevails there the gradient is said to 
be adiabatic. W. ‘Ekm.an 1 has calculated 
tables of the adiabatic change. These are 
given on the following page. 

Suppose, for example, that it is wished to 
determine the cooling which a body of water 
with an original temperature of 2° and cr 0 =28 
will undergo if raised to the surface from 
10,000 m. The mean cooling per 1000 m. from 
10,000 in. to 8000 m. is 0*191°. It will there- 
fore be cooled by approximately 0*4° between 
these depths, so that at 8000 m. its tempera- 
ture will be 1*6° and at 9000 m. 1*8°. Using 
the last value as the mean temperature, the 
average cooling per 1000 m. is found to he 
•189°, and the temperature at 8000 m. is 1*622°. 
The cooling for the other depths is calculated 
in the same way step by step. G% Schott 2 has 
rearranged Ekman’s tables and also drawn 
graphs of ■tfhich are more convenient for 
some purposes and practically as accurate. 


V. W. Ekman's Theory of Currents 

§ (50) The Wind-drift in an Ideal 
Uniform Boundless Ocean. — Fridtjof Nan- 
sen 3 pointed out that a surface current due to 
the wind should deviate to the right of the 
latter (in the northern hemisphere), and that 
this surface current should in turn act like a 
wind on the layer beneath it, and set it in 

1 “ Der adiabatische Temperaturgradient im 
Meere,” Ann, d . Hydr 1914, p. 340. 

2 Adiabatische Temperaturanderungen in grossen 
Meerestiefen,” Ann , d . Hydr ,, 1914, p. 321. 

3 hoc, cit . 


motion with an increased deviation and a 
diminished velocity so that at a certain depth 
the direction of the current should be reversed. 
V. W. Ekman 4 has investigated the question 
mathematically, and some of his more import- 
ant results are given here. 

Suppose that a steady uniform wind has been 
blowing over the whole surface of the ocean so long 
that stationary conditions have been reached. The 
motion of the water may, in the first instance, be 
considered to consist of the gliding of the layers 
one over the other. Let x, y be horizontal, y 
being 90° to the left of x , and let z be positive 
downwards, 

u 9 v, w = the velocity components in the directions 
of x , ?/, z, 

X, Y, 2= the components of extraneous forces per 
unit mass, 

p=the density of the water, 

_p = the pressme, 

&=the virtual frictional resistance* 

£=the time. 

Then, the water being regarded as incompressible 
and inextensible, the equations of motion are 


<jU 


du 


du 

% 


du 

°dz 


xr 1 dp h (Tf'U 3 hi ?> 2 u \ 

= X— - ==-4-~ ( 4-r-.r+— a I 


p dx \c« 2 dy 2 ’ 02“/ 


cv 


cJv 


dv dv 

dT +u te+% +w d z 


— Y— ^ ^ jJ c j 3 2 r 


p dy p\dx 2 dy 


a 2 v a 2 v\ 


dw , 3 w # dw dw 

dt U dx V dy ~^ W dz 


Z 7T f- 

p OZ p 

du dv dw 
dx^dy^dz ~ 


1 dp t la fdho d 2 w 3 2 uA 

\0V 2 + dy a * 'dz* ) 


( 1 ) 


Then du/dx, dujdy? dvjdx, dv/d y, dpjdx, dp/dy, and w 
are all identically equal to zero. 

Since no extraneous forces except gravity arc 
taken into account, X and Y are the horizontal 
components of the deflecting force due to the earth’s 
rotation, 

X=2cow sin <j b y 
Y = — 2 am sin <p. 


where co is angular velocity of the earth and <p the 
latitude. The two last equations of (1) are therefore 
unnecessary, and the two first become 


du . k 3"u 

= 2c cv sin d> -1 — x 
at p d s 41 




dv 

dt 


— 2 c ou sin <p -h 


k d 2 v 
p 3z 2 


( 2 ) 


| 4 ArTciv for matcmatifc, astronomi o fysiJc, IM. 2, 

I No. 11 (Stockholm, 1905) ; and Ann. cL Mydr., 1906, 
1 pp. 423 etseq. 
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££ — Adiabatic Temperature difference per metre x 10 3 * 


Depth in 
Metres. 

-2°. 

0°. 

— 

2°. 

cr o — 28. 

4°. 

6°. 

8°. 

10°. 

15°. 

20°. 

0 

0-016 

0035 

0-053 

0*070 

0-087 

0*103 

0-118 

0-155 

0-190 ■ 

1,000 

■036 

•054 

*071 

•087 

*103 

*118 

•132 

*166 

-199 

2,000 

■056 

•073 

*089 

*104 

*118 

•132 

•146 

*177 

•207 

3,000 

<075 

•091 

* *106 

*120 

•133 

•146 

•159 

*188 


4,000 

*093 


•122 

*135 

•147 

•159 

•170 

*197 


5,000 

*110 

•124 

■137 

149 






6,000 

*127 

•140 

*152 

•163 







. . 

•155 


*175 






8,000 

* . 

•169 

*178 

*187 







. . 

*182 

•191 

*198 








*194 

•202 

*209 







Depth in 
Metres. 

0- 0 = 

31. 

o- 0 = 

32. 

12°. 

14°. 

21°. 

22°. 

0 

0*138 

0-153 

0-202 

0*208 

1000 

•151 

•165 

•210 

*216 

2000 

■164 

•176 

*218 

*223 

3000 

•175 

•187 

• * 

• « 

4000 

*186 

*196 




t. 


Depth = 

1000 m. 


^0* 

0. 

10. 

20. 

30. 

0 

— 0-019° 

•+0-009° 

+0-035° 

+0-059° 

10 

4- *076 

•097 

•117 

*136 

20 

-154 

*172 

•187 

•201 


Increase x 10 3 oe St eor an Increase oe 1 in cr 0 


t. 


Depth 

= 0 m. 


<3-0- 

0. 

10. 

20. 

30. 

0 

-0-042° 

-0*014° 

+0-014° 

40*040° 

10 

4 *058 

4 *081 

•102 

*122 

20 

•142 

-161 

-177 

*192 


Metres. 

0°. 

5°. 

0 

O 

T—i 

15°. 

20°. 

0 

0-0025 

0-0022 

0-0020 

0 0017 

0*0014 

2,000 

22 

20 

18 

15 

13 

4,000 

20 

18 

16 

14 

. . 

6,000 

18 

16 

• • 



8,000 

16 

14 

m m 



10,000 

14 

13 

- * 




The last table is calculated for cr 0 =*30 and is not accurate if <r 0 is less than 20. 


The motion has been assumed to be stationary, so 
du/dt and dv/dt vanish. If we write 


a =* 




pu> sin </> 
k 


equations (2) take the form 


dm t> drv ^ „ 

4 2<arv = 0 ; ■■■■-» — 2a%»0. 
dzr dz z 


(») 


The general solution is 

w — Op!' 18 cos (as 4 Cj ) f -OgC"®* cos (as fCg)] 
v**(\e as sin (az !• -r 1 ) C '%vr az sin (az 4c a ) f 


(R 


where 0 2 , c x and c tt are arbitrary constants. 

To obtain real results </> is taken as being 
positive and the results arc applicable only 


to the northern hemisphere. If y be drawn to 
the right of a: the equations hold for the southern 
hemisphere. 

If the value of z be infinite, or, practically, greater 
than the greatest depth to which a wind current can 
penetrate, i.e. a few hundred fathoms, 0 X is zero 
and equations (4) become 

u 0 2 e " az c os ( az 4 c 2 ), 

w— — 0 sin (asq-c 2 ). 

Differentiating. 

_ ....... — a 2C 2 fl" sin (az + c 2 4 45° ), 

a/; 

-a cos (o» +c 2 +45°). 
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If T, the tangential pressure of the wind, be along the 
positive axis of % C 2 and c 2 are determined by 



If V 0 be the absolute velocity of the water at the 
surface, V 0 =C 2 , and 

u~V 0 e” ct2: cos (45 0 — ctz) 1 
v=zY 0 e~ az sin (4 5°—az) | 

T T_ [* # ‘ { 

ka ^2 \/ 2hpco sin <fi ) 

The direction of T is the direction of the wind 
velocity relative to the water. 

From equations (5) it follows that in the northern 
hemisphere the drift current at the surface will be 
directed at 45° to the right of the wind, and that the 
angle of deflection will increase by four right angles 
for an increase of depth of 2? rja, while at the same 
time the velocity decreases to V 0 e~ 1/535 of 
the value at the surface. 

Fig. 8 shows the velocity and direction of the 
current down to the reversal depth for each 



tenth of the latter : the longest arrow denotes 
the surface drift, and T the direction of the 
wind. At great depths the velocity, and there- 
fore the friction, are zero, and consequently the 
whole mass of water moves only under the 
influence of the wind and the earth’s rotation. 
The conditions being stationary, these two 
forces must be equal and opposite, and since 
the deflecting force is at right angles to the 
direction of motion of the centre of gravity of 
the water, the total momentum of the water 
must he directed at an angle of 90° from the 
wind. 

§ (51) The Reversal Depth Aim the 
Vihtttal Frictional Resistance. — It will be 
seen that Ekman’s theory depends on the 
conception of a depth D at which the direction 


of the current is reversed, and to which he 
gave the name “ Depth of Wind Friction.” 
Its value is 

D = ~ = 7 r s/ kfpcxj sin cp, 

and it contains h , the virtual frictional resist- 
ance. Nothing was known as to Je beyond the 
fact that its effect took the form of eddies and 
was far greater than the viscosity or internal 
resistance to regular motion ; in fact the 
substitution of the latter quantity,0*0l6 C.G.S,, 
in the equations leads to the absurd result that 
no wind-drift can penetrate even to the depth 
of one metre. Ekman was therefore unable 
to give an absolute meaning to his results and 
was forced to make use of I> as his unit of 
depth. It is obvious, however, that if the 
reversal depth could be determined the value 
of k could be calculated. Krummel 1 noticed 
that on many occasions in the Atlantic equa- 
torial current plankton nets lowered from the 
ship, drifting freely with the surface current, 
appeared to be dragged sideways as soon as 
they reached a depth of 120 to 150 metres, as 
if the current here were nil or in another 
direction. If this is assumed to be the reversal 
depth k can be determined. One instance 
which he quotes, in which in 43° N. lat. the 
reversal depth appeared to be at 150 metres, 
leads to a value for k of 295 in 10° N. lat. and 
237 in 60° N. lat. Ekman assumed that k varied 
as the velocity, but he showed at the same time 
that the equations led to nearly the same results 
if the relation was treated as a quadratic one. 

The calculations above were made for water 
of uniform density, apart from compression. 
In the sea, however, the surface waters are 
generally divided into layer's of markedly 
different density, especially near coasts and in 
the open tropical seas, where the surface is 
strongly heated. Ekman investigated this 
point experimentally and found that layering 
led to a decrease of friction. It follows, there- 
fore, that D will have less than the normal 
value in such regions. 

Our knowledge of the nature of the frictional 
resistance in the sea has been considerably 
advanced by the researches of G. I. Taylor 2 
into eddy-motion in the atmosphere. Accord- 
ing to his theory momentum, and also heat, 
are transmitted from one layer of air to an- 
other by great eddies with horizontal axes. 
He calculated the coefficient of eddy diffusivity 
for various conditions from observations of the 
wind and temperature at different heights and 
found that it varied between 3000 and 100,000 
cm. 2 /sec. H. Jeffreys 3 has applied Taylor’s 

1 Ozeanographie , 1911 ed., ii. 461. Kriimined lias 
made an error in the position of the decimal point, 
and gives 29*5 and 23*7 as the value of k. 

2 Phil . Trans. A, 215, 1914, p. I ; see also article 
** Atmosphere, Physics of the/’ §§ (13) and (14). 

3 Phil. Mag . xxxix. 57S. 
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method to the sea. He took the mean -winds 
and currents from charts and obtained values 
for the coefficient varying from 4 cm. 2 /sec. in 
40° JST., 60° W., to 460 cm. 2 /sec. in 10 ° N. f 
40° W. The wideness of the range is probably 
due to differences between the disturbance of 
the surface at various places, and it follows that 
in order to arrive at a value appropriate to 
any given place and season far more detailed 
observations are necessary. Another weak- 
ness of the method lies in. the fact that, as 
Ekman has pointed out, a pure wind-drift 
probably does not occur in nature ; the current 
has to meet the resistance of other bodies of 
water in another state of motion or possibly 
at rest, so that the conditions are similar to 
those obtaining in the neighbourhood of a 
coast where the pressure gradient and the 
resulting current must be taken into considera- 
tion. It is interesting that Krunmel’s figure 
is about 70 per cent of that calculated by 
Jeffreys for the same region. 

§ (52) WlND -DRIFT IN AN OCEAN OF UNI- 
FORM Limit. ed Depth d . — (i.) If d is finite but 
large in comparison with D, the equations for 



at each tenth of the total depth of the water, 
not of the reversal depth. 

If dj D is small, say 0*1, the current flows 
very nearly in the direction of the wind at all 
depths ; as its value increases the deviation 
becomes greater, and when it is equal to 1*25 
the curve differs from that for infinitely deep 
water only near the bottom ; the dotted line 
shows the curve for the latter case. 

§ (53) Currents due to a Pressure 
Gradient. — If the surface of the sea be in- 
clined to the horizontal for any reason, such 
as the piling up against the land of a wind -drift 
originating in another place, a pressure gradient 
will arise which can give rise to a current. 
Let cc and y be laid on the sea surface and let 
the inclination be 7 in such a direction that 


X = 0 ; Y = g sin y, 

where g is the acceleration of gravity. 

The equations for steady motion differ from (3) 
only by a gravity term 

dru _ 0 d 2 v ^ 0 or/ sin y 

7-0 4 2 a*v = 0 ; 7 -* - 2 ahi 4 = 0 . . ( 6 ) 

dz~ (tz~ h 


pg siiiy \ 


(7) 


The solutions are 

^==C x e a2: cos (az 4c x ) -f C 2i cr az cos (az -j-c 2 ) 
w* 3 C 1 c os sin (az 4 e x ) — C 2 e~ az sin (az 4~c a ) 

Since there is supposed to he no wind on the surface, 
du dv 


2 aVc j 


dz dz 


— 0 for 


=0, 


whence 


a 


1 « Co « AC ; c x « -- es 2 =*c„ 


whore 0 and c are new arbitrary constants. 

Substituting pio sin cp for a 2 k, equations (7) become 


^esC[oosh az cos az cos <5 — sinli az sin az sin c\ 

g sin 7 
^ 2 co sin <p 

?^=sC[ oosli az cos az sin c - I sink az sin az cos c ] 


(S) 


At the bottom, where s = w = ?;=0, and conse- 
quently 

g sin 7 si till ad sin ad 


O sin c = 


to sin <p cosh 2a 1 1 4~cob 2 ad 


the case of infinite depth still hold practically 
unaltered. 


g sin 7 cosh ad cob ad 
to sin <ji cosh 2nd ■ | cos 2 ad* 


(ii. ) if tho depth of the water is about equal 
to or less than I) tho condi- 
tions are completely altered. 

T! 1 0 re suits of E kman ’ s 

investigations are shown 
graphically In Fig. 9 ; the 
a n r ro n t a, rrc > w s a re o n 1 i tte cl 
for the sake of clearness and, are to bo imagined 
drawn from O to each of tho points on the 
curves, and in this case show the conditions 


D 2ES1 q» 


g mn y 
2c o sin <p 
g sin y 
2 to sin <p 


(f Bin 7 
2 to ain. <p 


Equations (8) then take the form 

eosh a(d -l z) eos a((l — z) - p cosli a(d ~ z ) cos a(d - | z) 
cohI i 2 ad ■ | cos 2a d 

sinli a(d \ z) sin a(t l — z) 4 -Hindi «(dJ — s) sin a(d-\~z) 
cohIi 2 ad -I- cos 2 ad 


Fig. 10 gives the velocities and directions of 
the gradient current for cases where the depth 
is less than. D or only a little greater. The 
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points on the curve are drawn for each tenth 
of the total depth, and arrows are to be 
imagined drawn from 0 to each of them. The 
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Fig. 10. 

outermost point on each is at the surface. 
The deviation, at any depth, from OY, the 
direction of the pressure gradient, increases 
with increasing depth of the water. If d is 
greater than L, the current consists of a bottom 
current of thickness D with a component in 
the direction of OY, and above this up to the 
surface a current perpendicular to the gradient 
with almost uniform velocity. 

g sin y 

— : — — ; v = 0. 
u 2 co sm <j> 

The bottom acts as a wind on the current and 
causes a deviation to its left. In the above 
investigation, it has "been assumed that the 
water is everywhere of the same density. 
Ekman lias also discussed the case of a sea of 
density increasing downwards at a uniform, 
rate. If the sea consists of superimposed 
layers of different density which are uniform 
within themselves the conditions become too 
complicated for useful treatment. 

§ (54) The Effect of the Coast on Wind- 
drifts, — The ideal case first treated probably 
never occurs in nature ; the flow of the wind- 
drift is in general affected by the resistance of 
continents or of other bodies of water not in 
motion. The stationary condition will include 
a pressure gradient, due to the piling up of the 
water, of such a magnitude that the resulting 
current away from the obstacle balances the 
flow towards it, In the following the water is 
assumed to be of uniform density. 

Let a steady uniform wind blow everywhere 
outside a straight infinitely long coast, the sea 
being of uniform depth. The current will then 
be the same at all places at the same distance 
from the coast, so that no gradient can arise 
in a direction parallel to the latter; but a 
gradient will be formed in a direction at right 
angles to the coast until inflow and outflow 
are equal. Ekman does not give the details 
of the investigation, and expresses its results 
in curves ; a few of which, for the case of a 
wind parallel to the coast, are reproduced in 
Fig. 11. 

The current arrows are to he imagined 
drawn from the origin, denoted by a circle, to 


each point on the curve, which represent, as 
before, tenths of the total depth. 

The motion depends on the I'atio d/D and the 
angle between the wind and the coast. 

If the depth be great there will be three 
distinct currents: (1) a bottom current of 
thickness D, flowing with a component in the 
direction of the gradient, with a deflection 
from it of 45° at the bottom and 90° at its 
upper boundary ; (2) a mid- water current of 
almost uniform velocity, reaching from the 
bottom current to a depth D below the 
surface and flowing parallel to the coast ; (3) 
an upper current the velocity of which is 
that of a wind - drift superimposed on the 


l/gl 

>/ 



Fig. 11. 

mid-water current. If the depth is less than 
2D the mid - water current is absent, and 
the surface and bottom currents lose their 
characteristic form. It will be seen that in the 
neighbourhood of a coast a wind can produce 
a current down to the bottom, while in the 
absence of the coast the wind-drift is of' limited 
depth. The bulk of the current is parallel to 
the coast and its velocity is proportional to 
the wind component in this direction. The 
direction of the wind and the side of the coast, 
right or left, on which it lies is of considerable 
importance, except when the depth is much less 
than the reversal depth, in which case the 
earth’s rotation, has little effect. 

§ (55) The Wind-drift in an Enodoskd 
Sea, — Ekman’s investigations of this problem 
are of considerable interest, since many of the 
effects of the wind can be accurately measxired. 
When, the wind begins to blow the surface drift 
is at first deflected to the right until the piling 
up on that side gives rise to a mid - water current 
which carries the water to the part of the coast 
directly in the path of the wind. The gradient 
corresponding to the final conditions is almost 
directly opposite to the wind, with a very slight 
deflection to the right of the latter ; it follows, 
therefore, that in an enclosed sea the effect of 
the earth’s rotation is very small. Golding’s 
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(§ (38)) observations on the great storcn in the 
Baltic in 1872 confirm Ekman’s deductions, 
and the latter has used them to calculate the 
relation between the velocity of the wind and 
its tangential pressure. By means of the 
fundamental equations the flow in the direc- 
tions %i and v can be calculated for currents due 
to wind and to a gradient. When stationary 
conditions have been reached the total flow 
in any direction must be nil, since otherwise 
the level of the water would be changing, and 
at the same time the effect of the earth’s 
rotation may be neglected in an enclosed sea. 
Then by equation (5), which gives the relation 
between the surface velocity and the tangential 
pressure, Ekman deduces the formula 

3 T 

amy= 2'^d’ 

where y is the inclination of the surface to the 
horizon, and from this the value 

T =0* 0000032 w; 2 , 
as explained in § (38). 

§ (66) Mohn’s Theory. — H. Mohn 1 in his 
investigations in the Norwegian Sea neglected 
the effect of the earth’s rotation on wind-drifts 
but took it into account when discussing 
gradient currents ; he also considered that 
friction was negligible. He therefore arrived 
at the conclusion that drift currents should 
follow the direction of the wind, while those 
due to an inclination of the surface should be 
deflected through one right angle from the 
direction of the gradient at all depths. Ek- 
man’s theory, on the other hand, attaches great 
importance to the frictional resistance and 
leads to a deflection of 90° for a gradient 
current only in the case of the upper layers of 
a deep sea ; in the deeper strata and at all 
depths in a shallow sea the friction of the 
bottom acts like a wind and diminishes the 
angle. 

On the above assumptions Mohn developed 
a method of calculating the velocity and 
direction of currents from observation of the 
distribution of density which has been much 
used in the past, often with considerable 
modifications. Consider the case of a sea, 
which, in the first instance, may be taken as 
enclosed, into which fresh water is discharged 
by rivers ; the Black Sea may serve as an 
example. The fresher water near the shore 
will stand at a higher level and will make its 
way more or less directly towards the centre. 
The heavier water here will sink and flow along 
the bottom towards the shore, where it will 
tend to rise again. There will therefore be a 
layer of no motion between the two horizontal 
currents, to which Mohn gave the name 

1 Density, Temperature and Currents,” Norwegian 
North Atlantic. Expedition, JS7(S~1S7S (Christiania, 
1887). 


“ boundary surface,” and which will in general 
be marked by a sudden change in the salinity 
and temperature. Having fixed the depth of 
this layer by suitable means, the mean density 
is determined in as many vertical columns as 
possible between it and the surface, and the 
corresponding pressure is calculated. The 
pressure of an arbitrary standard column is 
then calculated, either by taking the mean of 
all the columns, or by selecting the one where 
the pressure is greatest. Since now the surface 
is everywhere under equal pressure, if baro- 
metric differences be neglected, it follows that, 
at places where the pressure of the column is 
less than corresponds to the standard, the level 
of the sea must be slightly higher than where 
it is greater. The surface can therefore be 
mapped out by contour lines to give what 
Mohn called the “ density surface.” Accord- 
ing to his theory the current will be everywhere 
deflected at right angles from the gradient, and 
the velocity will be 

q tan i 

v — ~ — -» 

2co sin 0 

where g is gravity, i the angle of the gradient, 
and <p the latitude. 

To the velocity thus observed Mohn added 
that calculated from the direction and force 
of the wind by the formula given in § (49), the 
winds being taken from isobaric charts. 

§ (57) Calculation of Current Velocity 
by Bjerknes’s Method. 2 — This depends on 
the acceleration of the particles in a closed 
curve which is bound to the particles through 
which it originally passed. 

On the analogy of Lord Kelvin’s expression for 
the absolute circulation in a curve, neglecting rotation 
of the earth and friction, 

C a z=fv 7 ds, ( 1 ) 

where v T is the tangential component of velocity 
and ds is a small element of the curve. Bjerknes 
investigated C r > the circulation relative to the earth, 
and found 

C 0 = C r +2«S, .... (2) 

where 8 is the area of the curve projected on the 
equatorial plane and oj is the angular velocity 
of rotation of the earth. He then calculated the 
acceleration of the circulation, 3 due to the various 
forces acting on the particles, 

tt-/**- • • ■ • < 3 > 


3 “ tJbcr cl non liydrodynainiachen Ifuncla- 

montalHitta,” Kongl. Sr. Ft. A kail. llandlingar, xxxi. 
No. 4 (Stockholm, 181)8) ; “ Oirkulation. rolatiy zu 

(lor Erde,” () of remit/ aj K(/l. Vet. Akad, Hand. 
No. 10, 11)01; Holland - Hanson and Saruls trom. 
“ tTber die Bem-hnung von Meeressfcromungen, 
Rep. Norwegian Fishery I neestig . , 1903, 4, 

translated in Report on Fishery and Hydrographical 
Investigation# in N. Rea, Northern Area , 1U08—190&, 
8.0 „ 1905, cd. 2612. „ 

a For a proof of this equation see Lord Kelvins 
paper on “ Vortex Motion,” WnL Trans , R.S., Edin., 
1 869, xxv. 217, § 50; also Collected Works , iv. 49. 
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where the integration is taken round the whole 
curve and a T is the sum of the tangential components 
of the accelerations due to gravity, density pressure, 
rotation., and friction, so that 

a r =ff r +p T +d T +f T (4) 


and ~ =fg T da-+fp T ds+/d r ds+J'f T ds . . . (5) 

Now since the work done by gravity in moving 
a particle completely round the curve is nil, then 
Jg T ds is zero and gravity is without effect. 

p T is due to pressure, and is proportional to dp Ids, 
and inversely proportional to the density p. 




1 dp 
p ds 9 


. ( 6 ) 


or, using specific volumes instead of density, 

dp 




ds 


O) 


The negative sign shows that it acts in the direction 
of falling pressure. 

fd T ds 9 the effect of rotation, is found from the 
relation given above, 

C a =C r +2ojS (2) 


Differentiating to get accelerations, 

dQgJLOr dS 
dt dt W dt' 


• (8) 


Now, since in the case of absolute movement the 
effect of rotation is nil, 


-jf =fg T ds +fPr ds +fU ds > 


and from (5) and (9) 


dOg 

dt 



and from this and 


( 8 ) 

„ T T A dS 
Jd 7 ds~- 2o,~. 


• O) 


• (10) 

. ( 11 ) 


ffrds , due to friction, can only be calculated from 
(5) when all the rest is known. It can be designated 
by — R, negative because it opposes the circulation, 
finally we have 


dCr 

dt 


-Jvdp — — R. 

etc 


- ( 12 ) 


Since C r =Ju T ds, it is of the dimensions l 2 jt 7 and 

(dCr/dt) ~ ( P/t 2 ). If C.G.S. units are used, it is 
expressed in cm. 2 /sec. 2 

Sandstrom and Helland - Hansen remark, 
“ the first element at the right-hand side of (12) 
is of special importance because it contains the 
primary cause of the movements in the sea and 
in the atmosphere. 3 ’ The present writer does 
not agree with this, unless it is to be understood 
as acting on the sea in part by setting up 
winds, which does not appear to be their 
meaning. This is, however, no obstacle to the 


use of the method for the calculation of 
velocities due to a density gradient. 

The investigation depends on the accuracy 
with which the specific volume v can be deter- 
mined. Now at the greater depths there is 
always some uncertainty as to the exact level 
at which a sample is taken, owing to the stray 
on the wire, and in addition slight errors will 
occur in the salinity and temperature. W e can- 
not therefore expect absolute accuracy in the 
specific volume in the fifth figure. This being 
the case, we may consider the pressure as in- 
creasing directly as the depth, at the rate of 1 
decibar or 10 5 dynes/cm. 2 per metre, and lines 
representing equal pressures will be evenly 
spaced and horizontal, as in the section, Fig, 12. 



On the other hand, lines of equal specific volume 
will, as a rule, be curved and unevenly spaced. 
The figure is a section through an ideal current 
running southwards in the northern hemi- 
sphere, with the land on its right and lighter 
water near the surface ; the East Greenland 
and Labrador currents are examples. The 
arrangement of the isosteres shows that the 
water in a vertical column at K is lighter than 
at L, and we should expect the water at K to 
rise and flow along the surface to L, and the 
water at the latter place to sink, so as to make 
the isosteres horizontal. As a matter of fact 
this does not occur ; the conditions may be 
unchanged or stationary for a considerable 
time. The water is accelerated to the right by 
an amount which, for unit mass, depends on its 
velocity. We must therefore assume that the 
surface velocity is sufficiently greater than that 
in the depth to counterbalance the greater 
acceleration of the latter due to its density, 
and we know qualitatively that such conditions 
are common. 

The lines of equal pressures and specific 
volume cut one another to form a mesh -work ; 
if we imagine the lines extended to surfaces we 
obtain a series of tubes, to which Bjerknes has 
given the name “ solenoids.” 

The quantitative value of one mesh in the section 
I is obtained thus, The isosteres are drawn for 
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differences of 0*0001 of volume, while specific 
volumes are observed to one -tenth of this. 

Then, if v x and v 0 are the volumes for two adjacent 
lines, 


^—^=,0*0001 


cm. 3 

grm/ 


and if the pressure lines are drawn for 10- metre 
intervals, corresponding to 1 bar or 10 6 dynes/cm. 2 , 


then 

then 


i nfi g rm * . 
Pi "-^0=10 — 7 — -a ; 
x u cm./sec.* 4 


cm/ 


- fvdp*= 0*0001 x 10 e = 100 - A* 

J sec.*" 


current. The difference of these two sums will 
give A. 

Now since the vertical circulation in a current is 
actually very small, we may neglect it, and friction 
must necessarily be left out, because we know nearly 
nothing as to its value. Then 


S is the projection of the curve on the equatorial 
plane. It is easy to see that if S' is the projection 
on the sea surface 


2u 


dS 

dt 


c dS' . , 

=2w rfF sm 


and the number of solenoids in a closed curve is 
100 times the number of meshes. 

If the number of solenoids is A, then the accelera- 
tion of the circulation is 


dO r 

dt 


— A— 2o> 


dS 

dt 


B. 


A can obviously he determined graphically, but 
the arithmetical process is much quicker and more 
accurate. Let the closed curve be bounded by the 
two vertical lines K and L, and by the two hori- 
zontal lines at the surface and at some given depth. 
Then sinco the pressure is the same throughout a 
horizontal line (differences of atmospheric pressure 
are neglected), wo need consider only the two vertical 
columns. The quantity required is the difference 
of the number of solenoids in the two columns, 




■Pi \ 
vdp ) 

Po ' : 


where <p is latitude. 

In Fig . 13 let abdc be a section through a 
current moving in the direction of the arrow, 
and let the velocity at the surface be V, and V ' 
at the level cd * Then after unit time ah will 



The pressure p increases by I() 6 units per metre ; 
it is convenient to express it in units of 10 6 CLG.S. 
and specific volumes in 10" 5 O.G.S. The required 
quantity A is then in G.G.S. units. 

The specific volume is observed to five figures, 
but since wo are dealing with differences only, it is 
convenient to reduce them to more manageable 
figures by subtracting a constant quantity which 
is most suitably the value which would be found 
in a sea consisting of water of 35 0 ^ )0 at 0° 0. 
Holland- Hansen and Sandstrom 1 have published 
tables by which this may be done easily, but they 
depend on Tail's values for the compressibility and 
arc therefore slightly inaccurate. Bjerknes 2 gives 
improved tables, and Hesselberg and Sverdrup 3 
a modification of the latter which cover a more 
limited range. 

The tables give us v — O o. Wo next calculate 
( ,y "’' y :i 5 ,o e *)(^h““?>o) Ky taking the mean value of 
(v-v.n t{ p) for each layer of water and multiplying 
it by the thickness of the layer in metres. This 
gives us the number of solenoids in each layer at the 
place of observation, anti the sum of these from the 
surface to any depth the number in the column of 
tins depth. The same process is repeated for 
another vertical column of the same height in the 


i 

■j 


Lor. n’t. 

I)//namic Metcorologa 


and lliidroiiraphif, Carnegie 


Institute. 

» “ Beitrag ssur Bereelmung <ler Druelc- unci 
MaHsenvertelhmK Im Meere,” Jk-rgetw Museums 
Aarbok, 1014.-15)15, No. 14. 


have moved to AB, but cd only as far as c'df. 
Then Aa'b'B is the increase of the projection of 
the curve on the surface. If S' is the projec- 
tion of the curve on the surface and L the 
distance between a and b in cm., then 

2P=(V— V')L, 

and 

A = 2df t = 2w sin 0( V - V')L, 

so that if wo know the specific volumes and 
pressures in the two columns ac and ltd, and 
the distance L between them, wo can calculate 
tlio difference of velocity between the levels ab 
and cd at right angles to the section. It often 
happens that the lowest level may ho taken so 
deep that we can neglect its velocity, in which 
case wo have the absolute velocity in the upper 
layers. 

If the velocity incrcmert downwards the 
tendency would be to drive the surfaco water 
to the left in the northern hemisphere. 

In the ease whom one current flows over 
another of different origin, the surface of 
separation between thorn is at rest, but^ the 
densities may be so arranged that it is difficult 
to determine the position of this surface. The 
| biological conditions will often give great help. 
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Bjerknes’s method has been largely used, chiefly 
as a result of the International Fishery Investi- 
gations, and has proved of great value. Ob- 
servations made in the Labrador current by 
the Ice Patrol showed almost complete agree- 
ment between the observed and calculated 
velocities. 

§ (58) Knudsen’ s Theorem. — The fresh 
water from a river flows out as a surface layer 
of low salinity, beneath which there is a current 
of salter water in the opposite direction. 
Martin Knudsen 1 has shown that the volumes 
of water transported in unit time by each 
layer can be expressed in terms of their 
salinity and the rate of discharge of the fresh 
water. 

A and B {Fig. 14) are two vertical sections 
across the mouth of a river ; i and i' are the 
volumes of water flowing out through them in 
unit time, u and vf the volumes flowing up 



stream, and s 9 s\ z> z f their mean salinities. 
The volume discharged at B is obviously the 
sum of the discharge at A and the volume 
picked up by the surface current from the 
undercurrent between A and B. 


i'zzzi + u' — u 9 


whence 



z 


i ~ i' = u — u' 9 




If A is so far up stream that the water is 
entirely fresh at all depths, s , u 9 and z are zero, 
and 



Knudsen has applied his theorem to the 
Baltic as a whole, making A coincident with 
the coast line so as to cut through all river 
mouths. Then s is zero, and i is the sum of 
the discharge from the rivei's and precipita- 
tion less evaporation on the surface of the 
sea. 

J. Gehrke 2 has shown that the method may 
be usefully applied in investigating the currents 
of the open sea where they run more or less 
parallel to coasts, as, for instance, the branch 
of the European stream which flows north- 
wards and eastwards on the west side of the 
British Isles. n .t m 


One Metre Comparator, at N.P.L. (typical) : 
description, sources of error, setting up and 
manipulation, computation of results. See 
“ Comparators,” § (1). 

Optical Projection Apparatus : with a 
large field of view. 

Compound projection lenses for testing 
profile gauges. See 44 Gauges,” § (67). 

For screw gauge testing, first type. See 
ibid. § (64). 

For testing gauges. See ibid . Section IV. 
§ (64), etc. 

For testing screw gauges. See ibid. § (36), 
Standard horizontal machine for testing 
profile gauges. See ibid. § (68). 

Vertical type. See ibid. § (66). 

Vertical type projector for testing screw 
gauges. See ibid. § (69). 

44 Wilson ” projection comparator for testing 
screw gauges. See ibid. § (70). 

Oscillation, The Arc of. See 44 Clocks and 
Time-keeping,” § (16). 

Oscillograph. See 44 Galvanometer, Eint- 
hoven. Adaptation of,” Vol. II. ; 44 Clocks 
and Time-keeping,” § (15). 


1 Ann . d. Hydr.t 1900, p. 316. 


3 Pub. de Circ. No. 40. 


p 


Parallel Rules. See “Draughting Devices,” 
p. 274. 

Paranthelia. See “ Meteorological Optics,” 
§ (22) (hi.). 

Paranthelic Arcs. See “ Meteorological Op- 
tics,” § (22) (iv.). 

Parhelic Circle or Mock Sun Ring. See 
“ Meteorological Optics,” § (22). 

Parhelic Sun Pillar. See “ Meteorological 
Optics,” § (20) (vii.). See also “ Mock Sun.” 

Parhelion of 22°. See “ Meteorological 
Optics,” § (20) (ii.). 
of 44°. See ibid. § (20) (viii.). 


Pascal’s Calculating Machine. See “ Cal- 
culating Machines,” § (1) (iii. ). 

Pendulum : 

Construction of, and compensation. See 
“ Clocks and Time-keeping,” § (3). 

Double. See ibid. § (17). 

Effect of the air on. See ibid. § (G). 

Free, period of. See ibid. § (4). 

Its function with regard to escapement and 
maintenance. See ibid. § (7). 
Measurement of gravity by the. See 
“ Gravity Survey,” § (2) (i.). 

Petrol Measuring Pumps. See “ Meters,” 
§ (28). 
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ilot Balloon. A small rubber balloon 
■used for measuring upper winds. The type 
of balloon commonly used measures from 
18 to 30 inches in diameter when fully 
inflated. The balloons are filled with 
Hydrogen, and released, their subsequent 
motion being followed with one or two 
■theodolites. When one theodolite is used, 
it is necessary to assume that the balloon 
rises at a uniform rate. This is substantially 
■true on the average, but leads to erroneous 
results if the balloon gets into an ascending or 
descending current of air. The rate of ascent 
of the balloon in feet per minute is given 
Tby ^ V = 276(L*/(W+L)4), where W is the 
weight of the balloon in grams, and L the 
number of grams it can lift when inflated. 
Eor a given value of W it is easy to compute 
"the necessary lift so that V shall take any 
convenient value, such as 500 ft. /min. 

The computation of the winds at different 
heights is most expeditiously done by 
means of a slide-rule. Readings of azimuth 
(A) and elevation (E) of the balloon are 
taken at intervals of one minute. The 
height in feet of the balloon is tV 9 where t 
is the time in minutes since the balloon 
was released. The horizontal distance of 
the balloon is h cot E. Its components 
along lines drawn East and North from the 
point of release are : 

h cot E sin A, and h cot E cob A. 

These components are computed for each 
pair of observations of E and A, and the 
differences for consecutive minutes give the 
components of drift of the balloon during 
the interval. The average wind through 
the layer traversed by the balloon during 
the interval is the resultant of the component 
differences so derived. 

If two theodolites at the ends of a 
measured base can be used, no assumption 
need bo made as to the rate of ascent of 
the balloon, and the path of the balloon 
can be traced completely. The calculation 
of the winds at different heights is slightly 
more complex than for one theodolite, but 
the results are more reliable. 

Full details of methyls of e< mvputing 
pilot balloon results will bo found in the 
Computer' $ Handbook (Meteorological ( Mfico) 
Section IX, Sub-section L 

Riplttlb. See “ Volume, Measurements of,” 
§ (17). 

I > ii'ktt ks. Graduated. See “ Volume, 
Measurements of,” § (19). 

Pitch (of Screw Thread) : definition. See 
“ Metrology,” VI I. § (29) (i.). 

(Platform Machines. See “Weighing 

Machines,” § (5). 


Platinum - iridium Alloy (10 per cent 
iridium), used for making the International 
Prototype Kilogramme. See “ Balances,” 
§ ( 8 ). 

“ Play ” op Screw Threads : definition of. 
See “Metrology,” VII. § (25) (ii.). 

Plumb-line, Deflection of the. See 
“ Gravity Survey,” § (11). 

Polar Pront : a surface of discontinuity 
between polar and equatorial air. See 
“ Atmosphere, Physics of,” § (21). 

Polarisation of Light in the Atmosphere : 
From a landscape. See “ Meteorological 
Optics,” § (13) (ii.). 

From the sky. See ibid. § (13) (i.). 

Potential Gradient in the Atmosphere. 
See “ Atmospheric Electricity,” §§ (8) -(9). 

Potential Temperature : definition of. The 
temperature which any mass of air would 
have if brought adiabatieally (i.e. without 
any gain or loss of heat) to some standard 
pressure. See “ Atmosphere, Physics of,” 
§§ (3), (6) (ii.). See also “Atmosphere, 
Thermodynamics of,” § ((>). 

Computation of. Sec “ Atmosphere, 
Thermodynamics of the,” §§ (2), ((>). 
Relation of, to entropy. See ibid. §§ (6), 
(19). 

Precipitation — Rain and Snow : 

Forecasting of. See “ Atmospheres, Physics 
of,” § (20). 

Instruments for measuring. See “ Meteoro- 
logical Instruments,” III. § (10), etc. 

Prediction of Tides. See “ Tides and 
Tide-prediction,” § (5). 

Pressure, Atmospheric : 

Changes of. See “ Atmosphere, Physics 
of,” § (20). 

Determination of height from. See ibid. 

§ (4). 

Distribution of : 

At 8000 metres. See “ Atmosphere, 
Thermodynamics of the,” §§ (8), (9), 
and Fig. 11. 

In cyclones and anticyclones. See ibid. 
§ ('”>), Table III. 

In the upper air. See ibid. § 8. See also 
“ Air, Investigation of the Upper,” 

§ (ID- 

Over the globe. See “ Atmosphere, 
Thermodynamics of,” § (3) and .Fig. 7. 
Equivalents of inches, millibars, and milli- 
metres. See ibid. Fig. 7. 

In millibars, connection of, with tempera- 
ture and density, tabulated. See 
“ Barometers and Manometers,” § (17), 
Table IX. 
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Method of measuring* See “ Atmosphere, 
Physics of,” § (1). 

Reduction of, to datum level* See 4C Baro- 
meters and Manometers,’ 1 § (6) (iv.). 
Relation of, to temperature and entropy. 
See cc Atmosphere, Thermodynamics of 
the,” §§ (19), (22), (23), Fig • 16, and 
Table MI. 

Relation of, to temperature and height. 
See ibid . § (8)* 

Relation of, to temperature in dry and 
moist air. See ibid . § (IS) et seq . 
Relation of wind to. See ibid . § (8). 

Semi - diurnal wave. See tc Atmosphere, 
Physics of,” § (17). 

Types of distribution. See ibid. § (18). 

Unit of. See Atmosphere, Thermo- 
dynamics of the,” § (2). 

Value of, for lowest 8 km. layer of the 
atmosphere. See ibid- . § (8), Fig. 12. 
Variation with height. See ct Atmosphere, 
Physics of,” §§ (2)-(3). 

See also “ Cyclone and Anticyclone.” 

Pressure, Measure or (i.) Units. — Pres- 
sure is the force per unit area which any 
liquid or gas exerts on the surface in contact 
with it. The unit of pressure is that 
produced by unit force acting on unit area, 
and on the C.Gr.S. system is a force of 1 dyne 
per square centimetre, on the British 
system a force of 1 poundal per square foot. 
Units depending on the value of g, such as 
1 gramme weight per square centimetre or 
1 lb. weight per square foot, are also in 
common use. 

(ii.) Barometric Pressure. Bar and Milli- 
bar . — After the introduction of the baro- 
meter, pressure came to be measured as the 
length of a column of fluid, usually mercury 
(see “Atmosphere, Physics of,” § (1)); and 
this length was subsequently corrected for 
variations in the value of g and of tempera- 
ture. The relation between the “ mercury- 
inch ” and the “ mercury -millimetre ” and 
the value of pressure in units of force is 
obtained from the equation 

ipg — pressure in dynes per square centimetre, 

w r here l is the length of the column in 
centimetres, /> is the density of mercury in 
grammes per cubic centimetre, g is the 
acceleration of gravity in cm./s. 2 . 

More recently the practice has become 
established, of measuring the pressure of the 
atmosphere in units of force, and for this 
purpose the millibar which is equivalent to a 
pressure of 1000 dynes per square centimetre 
has come into use in the British Isles (see 
“ Millibar ”). The normal atmospheric pres- 
sure at sea-level is 1013-2 millibars, which 
differs little from 1 bar. In the United 
States the “ bar ” is taken as equivalent 


to 1 dyne per square centimetre, and the 
pressure of the atmosphere is measured in 
kilobars, which are equivalent to the English 
millibars. 

( iii. ) Equivalents . — 


G.G.8. 

1 dyne per sq. cm. = 1 microbar ( = 1 bar II. S. A. ) 

= 1* 45 x 1 0 “ 5 1 bs. /sq. in. 

= 2*95306 x 10 mercury-inolies 
= 7*50076 x 10 mercury-milli- 
metres, 

1 millibar . . =1000 dynes per square centi- 

metre 

= 1 kilo bar (U.S.A.), 

1 centibar . . =10 millibars. 


British Units . 

Mercury-inches . =1 inch of mercury at 32° F. 

in latitude 45° 

= 33-8632 mb., 

Mercury-millimetre = 1 mm. at 0° 0. in latitude 45° 
= 1*333200 mb., 

760 mm. . . = 101 3-231 mb. 

lOOOmb. =14-496 lb./in. 2 \. j d 

=2087-424 lb. /ft. 3 J ’ 

11b. sq. in. =68,971 dynes/cm. * = 70 -31 gm./ciii,“, 
1 ton/sq. in. =1-545 x 10 s dynes/cm. a = 1-575 
kgm./mm. *. 

JRussian Half-lines (normal at 62° F.). 

1 half-line = 1 -68801 mb. = -0498 in 
600 half-lines — 1012-804 mb. 


The standard “atmosphere” is equivalent, to 

760 mm. mercury at 0° C., lat. 45°, and sea-level 
= 759-4 mm. mercury at 0° 0. in London 
= 1-0132 x 10° dynes per cm. 8 
= 14-7 lbs. per sq. in. 

=0-94 ton per sq. ft. 

See Vol. X. “ Measurement, Units of.” 


Pressure, Units of Measurement of : the 
mercury unit. See “ Barometers and Mano- 
meters,” § (2) (i.). 

Pressure-gradient : 

Anticyclonic. See ct Atmosphere, Physios 
of,” § (16). 

Effect on wind. See ibid. §§ (9), (10). 

Probability : the fraction whose numerator 
is the number of combinations producing an 
error, which is included within given limits, 
and whose denominator is the total number 
of possible combinations. See “ Observa- 
tions, The Combination of,” § (3). 

Probable Error : a numerical quantity 
without sign, such that when the positive 
sign is attached to it the number of positive 
errors larger than that value is about as 
great as the number of positive errors 
smaller than that value ; and that, when 
the negative sign is attached to it, the 
same remark applies to the negative error**. 
See “ Observations, The Combination of’* 

§ O). 
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Projection : 

Airy’s, by balance of errors. See “ Map 
Projections,” § (8) (i.). 

Bonne’s, or Projection du Depot de la 
Guerre. See ibid. § (8) (ii.). 

Cassini’s (transverse simple cylindrical). 
See ibid. § (8) (iv.). 

Clarke’s minimum error perspective. See 
ibid. § (8) (v.). 

Conical: a class of projections in which 
a set of straight lines, radiating from a 
common vertex, are cut at right angles 
by a set of concentric circular arcs 
described about that vertex. See ibid. 

§ (5) (i.). 

Cylindrical : a special type of conical pro- 
jections in which the angle of the 
cone is zero : this class includes Mer- 
cator’s, Cassini’s, and the Gauss con- 
formal projection. See ibid. § (5) (iff.). 

International map. See ibid. § (8) (xviii.). 

Mercator’s (cylindrical orthomorphie). See 
ibid . § (8) (xix.). 

Oblique conical. See ibid. § (5) (ii.). 

Scale value of a, at different points. See 
ibid. § (7). 

Simple conical, with one standard parallel. 
See ibid. § (8) (vi.). 

Simple cylindrical. See ibid. § (8) (xii.). 

The properties of. See ibid. § (2). 

Projections in Use. See “ Map Projec- 
tions,” § (8) (xxxiv.). 

Proof Spirit. See “ Alcoholometry,” § (7). 


Protractors. See “ Draughting Devices,” 
p. 275. 

Psychrometer : an instrument, consisting 
of a dry- and a wet-bulb thermometer, 
used for measuring humidity. 

Assmann’s. See “ Meteorological Instru- 
ments,” § (6). 

For aeroplanes. See ibid. § (37). See also 
“ Humidity,” §§ (4) (ii.) and (9). 

Sling. See “ Humidity,” §§ (4) (ii.) and (9). 
See also te Hygrometers ” and “ Thermo- 
meters, Wet- and Dry-bulb.” 

Pyknometer : An instrument for measuring 
the density (a) of a liquid, ( b ) of a solid, by 
determining the weight of a known volume. 
See “ Balances,” § (15) (i.). 

Pykiieliometer : an instrument for the 
measurement of solar radiation. 

Abbot’s. See “ Meteorological Instruments,” 

§ (29). See also “ Radiant Heat and its 
Spectrum Distribution,” § (13). 
Angstrom’s. See “ Meteorological Instru- 
ments,” § (28). 

Callendar’s. See “ Radiant Heat and its 
Spectrum Distribution,” § (17). 
Michelson’s. See “ Meteorological Instru- 
ments,” § (30). See also “ Radiant Heat 
and its Spectrum Distribution,” § (12). 
Pouiilet’s. See “ Radiant Heat and its 
Spectrum Distribution,” § (6). 

Silver-disc. See “ Meteorological Instru- 
ments,” § (30). See also “ Radiant Heat 
and its Spectrum Distribution,” § (11). 



Quadratic Equation and Graphical Auto- 
matic M eth o ds of Solution. See “ Nomo- 
graphy,” §§ (10), (11). 

“ Quality ” of Work : definition of term. 
Seo “ Metrology,” VIII. § (29) (i.) (c). 

QUARTZ FIBRES 

“ Quartz fibres ” are filaments made by 
drawing out melted rock crystal, and, strictly 
speaking, they arc not quartz any more but 
vitreous silica. Their interest and importance 
depends on the fact that they may readily 
bo drawn out into pieces of very great length, 
of extreme fineness and uniformity of diameter, 
so ns to constitute torsion threads for delicate 
instruments. For this purpose their very 
perfect elasticity, in which quality they are 
unique, and their high tensile strength give 
thorn great advantages over other means of 
support. Rods and fibres of fused silica have 
bho further valuable property that they in- 
sulate electricity perfectly 1 or nearly so, oven 
in an atmosphere saturated with moisture, 

1 Fhys. doc. Froc., 1889, x. 


or the fibres may be made conducting if re- 
quired by a thin coat of silver. It was the 
want of any suitable fibre for the support of the 
radio-micrometer circuit 2 that led the writer 
to institute a research that resulted in the 
invention, of the method of production and 
discovery of the properties of quartz fibres. 3 

§ (1) Making Quartz Fibres. — Pieces of rock 
crystal are heated to a red heat in a fireclay 
crucible and allowed to cool. They will then 
be found broken into small angular pieces. 
The operator, protecting his eyes with dark 
spectacles and using an oxyhydrogon flame 
from a mixed jet — not a blow-through jet — 
heats tho corners of one of these until, after 
much decrepitation, a fused corner is formed. 
Then holding a second piece close to the first 
in the flume some of the small pieces that fly 
oft arc caught by tho first; and molted on, and 
in this way an irregular stick is formed free 
from contamination by any other material. 
Broken silica ware of' the transparent kind 
might bo used instead if it is made of pure 


* lioi/. .Sue. Tram., 1881), clxxx. 159. 

3 Phw. doc. Froc., 1887, lx.; Phil Mag., 
xxili. 189 ; and 11. Inst. Froc ., 1889. 


1887, 
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quartz. From such rough material when re- 
heated fine rods about one millimetre in 
diameter are readily drawn, for when once 
melted the decrepitation does not occur again. 
These rods are the raw material from which 
the fibres are drawn, or they are available at 
once as insulating supports. 

In order to draw the fibres the instantaneous 
production of very great speed is essential, 
for which purpose the original bow and arrow 
method is still the most convenient. 

The stock of the crossbow is made of two 
pieces of wood, each 18 x 2*5 x 1 cm., fastened 
together with adjacent chamfered edges form- 
ing a groove in which the arrow may lie (Fig. 1). 



Fig. 1. 


The bow is made from dry straight yellow 
pine, 80 x 1 x 1 cm., square in the middle and 
tapering towards each end, and so strung with 
the thinnest whipcord that the cord is tight 
or nearly so when the bow is straight. It 
should not prevent the how from straightening. 
As the arrow made of straw is so light the best 
material for the bow is that- in which the 
longitudinal elasticity divided by the density 
is greatest, or that in which the velocity of 
sound is greatest, and for this reason pine is 
chosen. The trigger is a mere 

loop of brass wire passing stiffly 

through, two holes in the stock I ~ — 

and supporting a treadle by a 
string. Thus when the string of 
the bow is resting against the 
flattened protruding ends of the 
trigger and the arrow is up against the string 
of the bow and the two hands are otherwise 
the foot may be used at the exact 
moment to shoot the arrow. The stock of 
the bow is held in a vice, and the arrow 7 is 
aimed along a clear passage with a smooth 
floor. The arrow is made from a piece of 
unthrashed wheat straw about 10 cm. long, a 
material which may be bought in bundles at 
millinery shops, with a half needle secured at 
one end with sealing-wax kept very hot to 
make a strong connection and carefully shaped 
as illustrated. A notch is cut at the tail of the 
arrow and strengthened with melted sealing- 
wax. 

Fig* 2 shows the two ends of the arrow 
in section with the sealing-wax indicated by 
section lines and the quartz rod secured in 
position, so that it may be melted at the point 


marked x. It must be remembered that such a 
bow and arrow is no mere toy but a dangerous 
weapon. The first arrow shot in this way at 
a card target 90 feet from the bow was found 
stuck in the wall behind the card, having 
pierced a clean, hole. Apart from the danger 
to any one in the passage it is essential that 
no one should be moving there when fi bres are 
being shot, as the air draughts so caused 
would add to the difficulty of finding and 
winding up the fibre. It is important that the 
V* groove, arrow, and string are so proportioned 
that the string rests exactly in the bottom of 
the notch in the arrow. 

Having now the apparatus prepared as 
described, the operator, wearing 
dark spectacles and comfort- 
1 I ably seated, holds the end of 

the rod in one hand and 1 ho 
mixed jet burner in the other 
hand and applies the flame a 
few millimetres from the nozzle 
to the rod at x. When the 
rod is at its hottest and before 
it separates into two under 
capillary action the trigger is 
drawn, hut without moving the jet away, so that 
the fibre is actually drawn in the flame* Then 
the fibre will be found stretched from the bow 
to the arrow, and 20 or 30 feet is a usual length* 
After practice the operator can make them liner 
or coarser at will, and diameters from v* Amt to 
TuTuiru inch or -jfo to r?ny mill i metro are in 
general the most useful. As the torsion varies as 
the fourth power of the diameter, this gives a 
range of over 600 to 1. in torsional rigidity. A 
silk fibre, i.e. half the natural double fibre, iB 



X 



Fig. 2. 

about inch in diameter, and ordinary 

spun glass rT >Vo inch or more. 

Quartz is not the only material that may 
be drawn into fine fibres with the bow and 
arrow and O.H. jet. Glass and any of the 
silicate minerals behave in the same way, but 
being so much more fusible and limpid thorn 
is no necessity to hold the end of the rod with 
the fingers. It is merely necessary to produce 
a bead about two millimetres in diameter at t he 
high temperature and shoot the arrow, when 
a fibre up to 90 feet in length (this being the 
extent available when the method was first 
tested) will be drawn out, and the bead will 
remain in virtue of its inertia either on the 
stock of the bow, or it will fall just in front* 
Such fibres may be drawn so that t he whole 
length glistens with the colours of fine spider 
I lines if seen by sunlight* 
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Fibres drawn from silicates or glass have 
rather less torsional rigidity than fibres of 
quartz, but they suffer from want of perfect 
elasticity, so that after a deflection the zero 
position has made a temporary movement in 
the direction of the deflection, from which it 
creeps slowly back towards, but not reaching, 
its former position. Or after a prolonged 
deflection to the right and then a short one 
to the left the zero position remains first at 
the left, then it passes to the right-, and gradu- 
ally settles back towards the original zero. 
The quartz fibre is free from this defect, and 
herein lies its extreme value. 

It is essential that fibres when made should 
be gathered quickly and placed in safety. 
The most convenient method is to use 
frames of wood, as shown in Fig. 3, which 



represents one end only. Then if the cross- 
bar is varnished with shellac varnish and the 
fibre laid on the varnish, the whole length 
may be picked up by winding longitudinally 
on the frame, and be secured at one or both 
ends as desired on the tacky varnish. The 
outer edges of the end cross-bars should be 
rounded. A number of such frames will 
pack in a box which will withstand any ill- 
usage without causing harm to the fibres. 

Another method of making fibres, preferable 
where still finer fibres are required and not 
more than about 30 centimetres long, depends 
upon the viscous drag of the flame gases upon 
the melted quartz when a rod is drawn into 
two in the O.H. flame. Under this drag 
tapering tails or relatively long fibres may be 
produced in great quantities and very quickly, 
but in general they are so fine that no colours 
are visible in them, though the white of the 
first order may be reached. In general they 
correspond with the black of the soap film, arid 
are very difficult to see. When making fibres 
in this way it is well to place a retort stand 
or some object in the lino of the O.H. jet, the 
burner now being fixed with the flame directed 
upwards and away from the operator. After 
drawing a rod into two a few times a number 
of fibres will be found on the stand to which 
they adhere, being for some reason electrified. 
Very line and short tails so made when ex- 
amined in the microscope may reach such a 
degree of tenuity that, the end cannot be found. 
The method of making quartz fibres by blowing 
lias also been practised in America by Coblentz, 
and an interesting account of the method 
there used, showing in detail some variation 


from that given but substantially similar, is 
published in the Carnegie Institution Publica- 
tion for 1906, 65, Appendix V. 

§ (2) Using Quartz Fibres. — The use for 
which quartz fibres are almost exclusively 
required is as torsion fibres in delicate appar- 
atus, and for this purpose they are pre-eminent. 
With diminution of diameter the cross-section 
varies as the square of the diameter, and the 
strength falls off less rapidly than this. On 
the other hand, the torsional rigidity falls in 
the proportion of the fourth power of the 
diameter or square of the sectional area. For 
some classes of experiment, therefore, the 
angular deflection will become greater as the 
scale of the apparatus is reduced, and the con- 
sequent increasing delicacy is limited only by 
the difficulties of manipulation, construction, 
or measurement, or by relatively increasing 
effects of disturbance, if such is the fact, and 
last by the viscosity of the aix*. With any but 
the simplest form of suspension the resistance 
to motion due to this cause may be such as to 
pass the dead-heat conditions, in which case 
deflections require an inordinate time, or if 
within the dead-heat conditions by too small 
an amount the determination of period is 
made difficult on account of the high loga- 
rithmic decrement. The easiest way to attach 
a quartz fibre at its ends is to use pointed 
wires wetted with shellac varnish, and lay the 
end of the fibre on the varnish, and then gently 
pull in the direction of the point so that the 
fibre lies in this direction at the point. Then 
on drying, with or without the aid of heat, the 
fibre will be held. Where there is any question 
as to the rigidity of such a fastening, other 
methods may be used. A solution of silicate 
of soda has been used successfully, but the 
writer has no experience with this. Cements 
of the “ Caementium ” type would no doubt 
answer very well, but the writer used in his 
experiments on the constant of gravitation a 
very secure and rigid method of fastening, 
effected by silvering, electro-coppering, and 
soldering the coppered ends to metal tags of 
enormous area relatively, and cementing these 
tags. 1 

Owing to the fourfold change of torsion 
with diameter a very exact choice of diameter 
is necessary to arrive at any particular 
torsional rigidity. While the frames of fibres 
are easily supported so that the fibres carried 
by them may be examined in the microscope, 
a quick and handy method of judging of the 
rigidity of fibre is often preferable. The stiff- 
ness of a fibre treated as a cantilever varies 
also as the fourth power of the diameter, and 
thus if the observer holds a piece between his 
finger and thumb he can judge of the rigidity 
in this sense in comparison with that of 
another fibre by observing the free end. This 
1 Vhys. Sac. Proc, 9 1894, xiii. 
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may project two or three inches and main- 
tain its position, or it may only project an 
inch, or less in a more or less limp manner, or It 
may not be possible to make it project at all, 
in which case it will be dragged upwards by 
the convection draught of warm air. In this 
way a fibre may be quickly matched or one 
staffer or less stiff than another may be easily 
found, and very little experience of this kind 
will generally suffice. The coarser fibres are 
easily seen, but where fibres much less in 
diameter than inch (^nj- millimetre) 

are to be handled, it is well to make them as 
conspicuous as possible. A table in front 
of a window in a room without draughts is 
desirable, but a dark background is essential. 
Black velvet or smoked glass often considered 
black is full of light and is useless as a 
background. The background used by the 
writer in all his work with quartz fibres was 
the darkness inside a drawer only opened a 
little way, and the darker the colour of the 
interior the better. Where available the 
silvered trumpet of Lord Rayleigh 1 might 
be even better,* but the Egyptian darkness of 
the drawer has been found to be sufficient. A 
piece of mirror glass laid upon the table shows 
up fibres lying upon it very well, and this is 
convenient where precise lengths have to be 
cut and secured at the ends. The writer has 
also used a method of smoking the fibres over 
a magnesium lamp, the white soot from which 
is very conspicuous. 

Where observations of great accuracy are 
required, combined with the delicacy which 
quartz fibres permit, the experimentalist must 
remember that there is no limit in reason to 
the delicacy imposed by the quartz fibre. 
The chief difficulty, if liquids are not in 
question, is caused by the movements due in 
the main to convection currents of the air 
within the apparatus, which, acting on the 
suspension, give to it anomalous movements. 
Cavendish fully realised this difficulty in his 
apparatus for weighing the earth, and reduced 
it as far as the large dimensions of the apparatus 
permitted. In ordinary physical laboratory 
apparatus such as balances, galvanometers, 
etc., the air is never at rest, and a fine quartz 
fibre suspension would be in continual move- 
ment. It is essential to keep the interior 
dimensions as small as possible and to make 
the casing of thick highly conducting metal, 
which itself should be further screened, and 
all maintained in a cellar or room with as 
constant a temperature as possible. It is 
only by such precautions that the full extent 
of the accuracy of the quartz fibre can be 
attained. Baron Eotvds, who required exten- 
sive lateral dimensions in Ms apparatus for 
detecting the differential gravitation of tidal 
waters, maintained the necessary quiet by 
1 Hoy . Soe» Proc 1920, xcvii. 


reducing the vertical dimensions to the 
utmost. Air movement In general limits 
the accuracy attainable in any piece of 
apparatus, and air viscosity limits the gain 
which, otherwise might be attained by reduc- 
tion of dimensions. In the apparatus set up 
by the writer in the Clarendon Laboratory at 
Oxford these precepts were followed to so 
great an extent that movements of the air 
past the gold balls at the rate of one inch in 
a fortnight would have produced a deflection 
greater than the disturbances observed on a 
particular quiet night. 

All fibres seem to show increasing tenacity 
with diminution of diameter, as though there 
were a surface tenacity akin to surface tension 
in liquids, and the great strength of silk and 
spider lines is no doubt due to this cause. 
Such, strength in fine quartz fibres is not due 
to the fact that the surface is a natural or 
vitreous surface resulting from fusion, for if 
a coarser fibre is made to carry a weight over 
a pail of water, and then a sponge dipped in 
hydrofluoric acid is placed against the fibre 
so as to dissolve it slowly — it is very slow 
compared to glass — the fibi'e will break when 
it is reduced sufficiently in diameter, and the 
one end will immediately be washed in the 
water. The diameter is then found to be the 
same as that of a whole fibre which is just 
broken by the same weight. Tenacities up to 
from 60 to 80 tons to the square inch, to use 
the engineer’s units for comparison with 
metals, are found with fibres ^Vcr ,nc ^ or 
slu millimetre in diameter or less. 

Another use for quartz fibres is as cross wires 
in optical instruments in the place of spider 
lines. They have the advantage that in damp 
places they are not destroyed by mould, and if 
by chance a spider gets into the apparatus 
they are not cut and destroyed as cross wires 
of spider thread are sure to be. While a 
quartz fibre with its great tenacity and 
moderate Young’s modulus will stretch quite 
perceptibly, it cannot be treated to the large 
stretching on a fork which a spider line 
allows, and so the application of the quartz 
fibre is more difficult. The best method of 
securing a fibre in a stretched state , which is 
essential, is to suspend from it a load of one- 
quarter or one-half of the breaking weight. 
Then, having the diaphragm carried on a stand, 
with the ruled lines to which the fibres arc 
to be attached vertical, this is moved until 
the fibre lies over the selected line. A touch 
of shellac varnish above and below the opening 
will secure the fibre, but it should be left with 
the weight suspended until the varnish is 
dry. No one would use a quartz fibre in this 
way unless a spider line was unsuitable. It 
is convenient to remember that a fibre 
inch (- 3 ^-xr millimetre) in diameter will carry 
about 40 grains or nearly 3 grammes, from 
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which a judgment can be formed of the 
diamet er that, other loads will require. 

It is convenient to remember also that the 
couple in dyne centimetre units due to a fibre 
of this diameter and 10 centimetres long 
when twisted through a unit angle (57-3°) is 
equal to -00018, from which a judgment ea,n 
be formed of the couple due to any fibre 
twisted through any angle. This figure is 
obtained from the rigidity «, = 2-9 x 10 11 and 


the torsional rigidity r — ‘irr i 2 nd/2l, where 0 is 
the angle of twist in radians and l the length 
in centimetres. The rigidity n has a small 
positive temperature coefficient equal to 
■00013, i.e. it becomes very slightly stiller with 
increase of temperature. The value of Young’s 
modulus in the same units is 5T8x 10 11 with 
a temperature coefficient of about the same 
amount 1-3 x 10 -4 , while the coefficient of 
volume elasticity is 1*4 x 10 11 . c. v. b. 


It 


RADIANT HEAT AND ITS SPECTRUM 
DISTRIBUTION, INSTRUMENTS FOR 
THE MEASUREMENT OF 

(For a list of papers on the subject see Biblio- 
graphy at the end of the article 6 4 Radiation, The 
Measurement of Solar, etc.”) 

Instruments for the measurement of radiant 
energy may be broadly classified into three 
groups : 

(i.) Meteorological appliances, designed for 
the recording of the intensity of the radiation 
received from the sun or merely the duration 
of the sunshine. 

(ii.) Instruments for tlie measurement of 
temperature, 'which are known as radiation 
pyrometers. 1 

(iiL) Instruments for investigating the dis- 
tribution of energy in the spectrum. 

For routine meteorological work the instru- 
ments have to be made exceedingly robust 
and easy to manipulate, consequently the bulk 
of the recorded data on solar radiation is of 
somewhat empirical nature, only suitable for 
making deductions of a qualitative character 
as to climatic, condition on different days 
throughout the year. 

Th o c| uantity generally determined is the 
duration of sunshine, i.e. the number of hours 
during the day in which unclouded sunshine 
has fallen on the earth’s surface. 

I n recent years instruments have been 
devised for measuring the intensity of the 
sun’s radiation, but this measurement presents 
greater practical difficulty than that of the 
duration of sunshine. 

I. Sunsiii ne Recorders - 

Th o earl i est p raotical i nstr u t n out for re- 
cording; duration of sunshine was that devised 
1 >y ( 'am \ ibel 1 i n 1 8f>M. 

1 A description of these instruments will he found 
in “ Pyromet.ry, Total Radiation,” Vnl. I. 

2 See paper on ** I nstruinonts for* the Measurement 
of Solar Radiation," by R- S. Whipple, Trans. of the 
Optical Society, ID! 4-15. (Contains an admirable 
rdsume of the subject, and to which reference should 

he made lor more detailed information,} Sec also 

<4 Met ci U'ologieal Instruments. ’’ 


§ (I) Campbell’s Sunshine Recorder. 3 — 
The original instrument consisted of a spherical 
glass bottle filled with acidulated water and 
supported centrally in a white stone bowl, the 
globe being about 6 in. in diameter. The bowl 
was engraved with hour lines and its surface 
blackened with an oil paint or varnish. The 
bottle acted as a lens and the sun’s heat melted 
the paint wherever the rays impinged upon it. 
The observer read off the duration of sunshine 
for each hour and marked it on a paper ruled 
for the purpose. Campbell, in his paper, recom- 
mended the employment of a wooden bowl, and 
also suggested the use of photographic paper. 

Such an instrument was installed in 1876 in 
Greenwich Observatory , the sunshine being 
received on blackened millboard. 

Three years later Stokes devised a method 
of fixing the cards in position by slots in a 
metal bowl partly surrounding the sphere. 

Subsequent modifications of the Campbell 
instrument were made by Curtis, 4 who arranged 
the instrument so that the position of the bowl 
relative to the sphere could be varied through 



Fig. 1 


several degrees of are, bo that it could be used 
in any latitude. A modern form of the instru- 
ment is shown in Fig. 1. Descriptions of 

:i “ On a Mew Self-registering: Sun-dial,** Report 
of the Connell of the Jiritinh Meteorological Society > 
May 1Kf>7, \k 18. 

* " Sunshine Recorders and their Indications,” 
Quarterly Journal of the lion a l Meteorological Society t 
xxiv. 17. 
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special types of these instruments for use in 
the Tropics and the Arctic and Antarctic 
regions may he found in the following papers : 
“ National Antarctic Expedition,” 1901, 
Meteorology, Part I., p. 512, Royal Society, 
London ; The Observer's Handbook, M.O. 191 
(1914), Meteorological Office, London, pp. 
83-94. 

§ (2) Jordan Recorder. — An instrument 
working on. a totally different principle is the 
J ordan 1 /Sunshine Recorder (see Fig. 2). In 



this the intensity of the sunshine is measured 
by the amount of discoloration produced in a 
paper sensitised by the ferro-cyanide process. 
A strip of prepared paper is put into a semi- 
circular box, and the sun’s light allowed to 
pass through a small hole in the side of the 
box, and to fall upon the paper. 

After exposure for the day, the paper is 
fixed by immersion in clear water, when a 
blue trace 'will be found upon its surface 
which roughly varies with the intensity of 
solar radiation. 

As regards the records obtained with the 
Campbell-Stokes and the Jordan instruments, 
it will be at once recognised that there is an 
essential difference in. their method of pro- 
duction. In the one case the record is pro- 
duced by the thermal effect of the sun’s 
radiation and in the other by the act ini c 
effect. In 1896-97, R. H. Curtis, on behalf of 
the Council of the Royal Meteorological Society, 
undertook a careful examination of a year’s 
records obtained from two of these instru- 
ments. 2 He found that, as a whole, the records 
agreed very well in the number of hours’ 
sunshine recorded, but that the measurements 
of the Jordan curves are open to more un- 
certainty than are measurements of the 
Campbell-Stokes curves. In his paper dealing 
with the subject, Curtis makes some useful 
suggestions as to the definition of “ bright 

1 Quarterly Journal of the Royal Met. Soc., 1886, 

xil. 21. 

a “ Sunshine Recorders and their Indications,” 
ibid. pp. 16-20. 


sunshine,” and discusses fully the mounting 
of sunshine recorders. 

W. Marten of Potsdam Observatory has 
also made a comparison between the Camp- 
bell-Stokes and Jordan instruments, and is 
in agreement with R. H. Curtis. He states 3 
that the Campbell-Stokes instrument registers 
earlier in. the morning and later in the evening 
than the Jordan, instrument, and is thus more 
suitable for winter months ; also the records 
are easier to interpret and more permanent. 
The sensitivity of the Jordan instrument 
depends on the quality of the photographic 
paper. On the other hand, the Campbell- 
Stokes instrument is apt to over-record at 
midday, and is not so accurate when the sky 
is clouded. The cards are also liable to be 
spoilt by rain, but in spite of these drawbacks 
it is to be preferred as the more accurate of 
the two instruments. 

§ (3) The Marvin Recorder. — In America 
an instrument known as the Marvin Thermo- 
graphic Sunshine Recorder has been extensively 
used for recording the duration of sunshine. 1 
It is essentially a differential air thermometer, 
arranged as shown in Fig. 3. 

A straight glass tube has cylindrical bulbs, 
C and D, one at each end, bulb D being 



smoothly coated on the outside with lamp- 
black, and the whole enclosed in a protecting 
sheath A. The glass tube connecting the two 
bulbs is prolonged to nearly the bottom of 
the bulb D. The space between the inner 
tube with its bulbs and the protecting sheath 
is first thoroughly dried, then exhausted of 
air and hermetically sealed. Mercury is used 
to separate the air in the bulbs,' a small 
quantity with a little alcohol being placed in 
the bottom and stem of the lower blackened 
bulb D. A pair of electrical contacts is fitted 
at E. The instrument is mounted on a support 
as shown in Fig. 3, and the black bulb of the 
instrument is held downwards. When the 


Jirgeomsse zehnjahngcr Sonncnschciiirosrist ric- 
rungen in Potsdam/* W. Marten, ISrcje.bni&se dev 
meteor. Beob. in Potsdam, 1904. 

-i qi P™ department of Agriculture Weather Bureau, 
1914, W.B. 2STo. 518* * 
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black bulb is heated by radiation, falling 
upon it, the mercury rises and closes an 
electric circuit between the contacts, this 
circuit actuating a recording counter. The 
inclination of the recorder is so adjusted 
that the mercury column keeps the circuit 
closed during times when the disc of the 
sun can just be faintly seen through the 
clouds. 

§ (4) Dines’ Recorder. — This is an ether- 
filled thermometer mounted on pilots. The 
radiation falls upon a black bulb and the 
expansion causes a thread of mercury to move, 
disturbing the equilibrium of the system. On 
the tipping over of the instrument the mercury 
closes electric contacts, completing a circuit 
through a chronograph. 

II. The c4 Solar Constant ” 

The other group of solar instruments may 
be termed intensity recorders, since their 
function is to determine the quantity of heat 
received by the earth from the sun and the 
rate at which it is received. 

§ (5) Definition of the Sodar Con- 
stant.”— -The quantity 1 of heat received in 
one minute from the sun, when at its mean 
distance from the earth, by one square centi- 
metre of a perfectly absorbing surface pre- 
sented normally towards the sun, and sup- 
posed to be situated just outside the earth’s 
atmosphere, is known as the “ Solar Con- 
stant.” 

It is probable that this quantity is not 
really constant, as most likely the various 
portions of the sun’s surface presented to the 
earth have different radiating powers, and 
there may be also a periodical variation corre- 
s ponding to the variation in the area of the 
sunspots. 

On consideration of the above definition of 
the solar constant it will be seen that there 
is one outstanding difficulty in making measure- 
ments, viz;, the impossibility of measuring the 
radiation received j ust outside the earth’s 
at nt< >s] >h ere. The absorption by the atmo- 
sphere is very great, and is, of course, a varying 
quantity. It depends on the amount of dust 
and water vapour in the air; on the height of 
the observing station above sea-level ; and 
on the elevation of the sun above the horizon. 
The length of the path of sunlight between 
two horizontal layers is proportional to the 
secant of the zenith distance of the sun, and, 
t herefore, the abs< upturn may be ex ported 
to he an. exponential function of this secant. 
From observations taken at different hours 
of the day the nature of this function ean be 
determined, and the strength of the radiation 
falling on the outermost layer of the atmo- 
sphere can be estimated. 

1 See “Itadiation, M § (I ). 


It is now realised that the only way *to 
obtain accurate data concerning the solar 
constant is by making a bolometric ex- 
amination of the solar spectrum, and this 
can only be carried out with an elaborate 
equipment. The bolometric examination is 
necessary because the coefficient of absorp- 
tion varies with the wave-length of the 
radiation. 

During the past eighty years, however, 
numerous attempts have been made to effect 
determinations of the solar constant, most of 
the work having been carried out with com- 
paratively simple apparatus subject to the 
above-mentioned sources of error. 

§ (6) Pouillet’ s Pybheliomceter. — Thte 
first successful research on the solar constant 
was that made in 1837 by Pouillet, who de- 
signed the instrument since known by his 
name. This instrument, which he termed 
“ Pyrheliometer,” is shown diagram matically 
in Fig. 4. It consists of a flat thin cylindrical 
vessel A, of which 
the upper face is 
lamp - blacked and 
the rest silvered. 

This contains water 
and serves as a 
calorimeter. It is 
mounted at one end 
of an axis D, round 
which it can be 
rotated to secure 
mixing of the con- 
tents, the thermo- 
meter stem lying 
along the axis. The 
part A of the instru- 
ment is first directed 
to a part of the sky 
away from the sun, 
and the fall in tem- 
perature noted dur- 
ing five minutes. 

It is then directed 
towards the sun for 
fi vo m mutes, and 
the rise noted ; it is finally directed away from, 
the sun and the fall noted during another 
five minutes. From a knowledge of the 
capacity of the calorimeter, the total heat 
received per unit of surface per unit of time 
! can he determined. The results obtained by 
Pouillet were remarkably good for that period, 
wh cri n < )t 1 ting was kno wn cone orni ng tl i o 

absorption by water vapour, etc. His value, 
1-7 calories per minute per square cm., com- 
pares very favourably with the latest deter- 
minations,, viz.. H>3 calories. 

§ (7) Vromm’s Act mo vieteh,— 'Tliis instru- 
ment is similar in principle to Pc mil lot's pyr- 
helionieter, and consists of a thermometer with 
- a spherical bulb placed in the middle of a 
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double-walled enclosure filled with, water to 
maintain a constant temperature (see Fig . 5). 

An opening is pro- 
vided with a shutter 
to allow the sun’s rays 
to fall on the thermo- 
meter bulb. By ex- 
posing the thermo- 
meter for a definite 
interval of time and 
observing the tem- 
perature rise the value 
Fig. 5. of the solar constant 

can be deduced. 

§ (8) Black-bulb Thermometer in Vaqtjo* 
— An instrument which has been extensively 
used for the rough comparison of the intensity 
of sunshine on different days is the black-bulb 
thermometer 1 (see Fig . 6). The construction 
of this instrument was first suggested by 
Sir J ohn Herscliel, and it consists of a sensitive 
maximum thermometer with the bulb and 
about 25 mm. of the stem coated with lamp- 
black. The whole is enclosed in a glass tube, 



of which one end is blown out into a bulb 
about 55 mm. in diameter, in the centre of 
which the bulb of the thermometer is fixed. 
The glass jacket is sealed and exhausted. 

Experiments have shown that there is a 
relation between the intensity of radiation as 
indicated by the black-bulh thermometer and 
the number of hours of sunshine. In a dis- 
cussion of graphs showing daily observations 
at Kew for a year, Gr. M. Whipple found that, 
taking both maxima and minima into con- 
sideration, there were seventy cases of agree- 
ment between the solar radiation and sunshine 
in their times of occurrence, and six of dis- 
agreement. 

He was led to the conclusion that “the 
black-bulb thermometer is only to be con- 
sidered as an indicator of the relative presence 
or absence of cloud from the sky at the locality, 
and so its use as a meteorological instrument 
may with advantage be set aside in favour of 
the sunshine recorder, which is not influenced 
by the element of uncertainty inseparable 
from the former instrument.” 

1 Whipple, Qitarterly Journal Meteorological Society . 
v. 142; x. 45. 


There are several objectionable features 
about the instrument. Eor example, the size 
of the bulb has a very large influence on the 
readings. Whipple found that a difference of 
1 mm. in a bulb of 12*5 mm. in diameter or 
a. difference of 8 per cent caused the correction 
required to bring the readings in accord with 
the standard to be more than doubled. He 
also found that the thickness of the blacking 
had considerable influence on the reading. 
He concluded from his experiments that it 
was necessary to exact from instrument makers 
a rigid adherence to a standard size of bulb 
and a definite amount of coating, as well as 
a constant state of exhaustion and standard 
size of jacket, all conditions very difficult of 
realisation, particularly the pressure •within 
the jacket, since the black paint coating on 
the bulb slowly evolves gas, resulting in a 
deterioration of the vacuum with time. 

§ (9) Wihst alley’s Radiograph. — This in- 
strument is very similar in principle to the 
Dines recording sunshine receiver, except that 
it is intended to record the intensity of solar 
radiation, and not only the 
duration of sunshine. A differ- 
ential black-bulb and unblacked 
bulb thermometer is poised 
upon knife edges so delicately 
adjusted that its equilibrium 
is disturbed by the displace- 
ment of the mercurial index, 
equilibrium being re-established 
by the whole system, taking up 
a fresh position. The move- 
ment from one position to 
another is recorded by a long 
arm upon a sheet of smoked 
paper wrapped round a drum 
driven by clockwork. 

§ (10) The Radio In- 
tegrator. — A simple and 
ingenious instrument was de- 
signed by W. E. Wilson for 
the measurement of total radia- 
tion received by the ground. 

The radio integrator, as it is 
named, consists of a sealed 
retort for the distillation of a 
volatile liquid, in vacuo , by the Fig. 7, 
radiation falling upon it (see 
Fig. 7). When set for an observation, the 
whole of the liquid is in the upper bulb, 
which is Exposed to the sun, while the lower 
limb and tube are sheltered in a white per- 
forated box. The liquid as it evaporates is 
condensed in the lower bulb and trickles down 
into the tube. As the latent heat of vaporisa- 
tion of alcohol is regarded as approximately 
constant over the range of ordinary air tem- 
peratures, the amount of alcohol which distils 
over from the upper bulb is directly proportional 
to the solar radiation. In the standard type of 
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instrument a cubic centimetre of alcoliol passes 
over for 179 gram calories received by the 
upper bulb. Unfortunately, the instrument 
is sensitive to the cooling effect of the wind. 
As suggested by Mr. R. S. Whipple, this error 
might perhaps be corrected by enclosing the 
upper chamber of the instrument in a vacuum 
jacket. 

§ (II) Silver-disc Pyrheliometer. — This 
modified form of the Pouillet pyrheliometer 
was developed by the author! - 
ties of the Smithsonian Astro - 
^ \\ physical Observatory, 1 and 

has ^ een largely adopted in 
the United States as a 
\V \ subsidiary standard ; 

\\£ \ \q about 25 copies have 

\ \ been standardised and 

sent out to stations 
^ i** ® uro P e » North and 

wWtfku South America, and 

other places. 

D A section of the 

silver disc pyrhelio- 
^ ^ meter is shown in 

Fig . 8. The silver 

disc A is bored radi- 

8 ally with a hole to 

admit the cylindrical 
bulb of a thermometer B which is bent at a 


right angle. 

To assist the transfer of heat from the disc 
to the thermometer bulb the hole is lined with 
thin steel and contains mercury. A soft cord 
soaked in shellac is forced down at the 
mouth of the hole to prevent the escape of 
mercury. The silver disc is enclosed by a 
copper cylindrical box C. Three small steel 
wires, not shown in the figure, support 
the silver disc. Clamping screws are pro- 


vantage of simplicity, and at the same time 
reliability. It is found that the standard 
scale of radiation may be reproduced in 
these instruments to an accuracy of 0-5 per 
cent. 

§ (12) Tens Michels ox Pyrjieliomeitbr (see 
Fig. 9). — In this instrument 2 the thermometer 



consists of a bimetallic strip A, the extension 
of which., P, moves when the strip is heated 
by the solar radiation, admitted through the 
aperture I). The movement of the strip is 
observed by means of a microscope M. The 
instrument is calibrated and observed in a 
similar manner to the Smithsonian instrument, 
hut the sensitive element having a smaller 
thermal capacity, the instrument is more rapid 
in action. It is doubtful, however, whether it 
is as robust or so constant} in its readings as 
the Smithsonian instrument. 

§ (13) The Absolute Pyrheliometer of 
Abbot and Towle. — In 1903 Abbot and Fowle 
commenced the construction of their absolute 
pyrheliometer, 3 consisting of a “ black -body ” 
receiver combined with a flow calorimeter, the 
chief innovation being the adoption of a hollow 
chamber to receive the solar rays. Such a 
chamber is a nearly perfect absorber, conse- 
quently no correction is needed, for the reflec- 
tion of rays from the recei ving surface. This 
pyrheliometer has been developed through 
various models into an accurate piece of 


vided in order that all strains may bo 
taken off the wires during the transit. 
The box C is enclosed in a wooden 
box I) to protect the instrument from 
tern pemturo changes. 

Sunlight is admitted through the tube 
E, in which a number of diaphragms arc 
placed. The aperture in the diaphragm 



Fia„ 10. 


F nearest the silver disc is slightly smaller 


than the disc itself. It thus limits the cross- 
section of the beam whose intensity is to bo 
measured. Shutters are provided at H. The 
top of the tube E carries a screen, large enough 
to cover the wooden box. The instrument is 
mounted on an equatorial stand. When making 
an observation the instrument is pointed at the 
sun and the temperature rise of the ther- 
mometer during intervals of IOO seconds is 
observed over a. period of a few miuutoB. 
From the readings obtained the intensity of 
the solar radiation can he deduced. 

The instruments have the outstanding ad- 

1 Annate of Astro p7iys. Observatory , ii. 30 ; iii. 47. 


apparatus, and the modem form iw illustrated 
in Fig , 10. 

A A is a chain her of about 3*5 cun. inside 
diameter, with hoi low walls adapted for the 
circulation of a stream of water. The stream 
enters at K, passes around the walls, the rear 
of the chamber, the cone -shaped receiver of 
rays II, and passes off at F, carrying away 
the heat developed by the solar rays which 
entered the chamber through the aperture Outlie 
dimensions of which are accurately measured. 

9 MHearohniisehe Zcitsehrifl, 1909, P. 240. 

C1 See Abbot and Fowle, Antro-phi/s. Journal, 1911, 
xx xi i i. UU. 
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At T) t and D 2 are platinum coils adapted to 
measure tlie temperature rise of the water 
due to heat absorption. The water flows in 
a spiral channel around the instrument. In 
order to prevent external temperature changes 
from vitiating the observations, the whole 
apparatus is enclosed in the Dewar vacuum 
flask KK, and to prevent the breakage of the 
flask it is enclosed in a brass case. 

In the standard instrument the Dewar flask 
has been discarded in favour of a vigorous 
water-stirring arrangement. Reference should 
he made to the original paper for information 
as to the construction of the x m esistance ther- 
mometer coils, the method of maintaining the 
flow constant, etc. On the back of the re- 
ceiving cone H, a coil of itiangamn wire is 
wound, forming a heating coil by means of 
which a definite quantity of electrical energy 
can be dissipated in the instrument. In this 
way a direct measurement may he made of the 
temperature rise in the outflowing water caused 
by a known quantity of electrical energy. 

The published observations show that the 
results obtained with these instruments are 
remarkably concordant, the maximum diverg- 
ence of the mean result of six groups derived 
from seventy observations being one per cent, 

§ (14) Electrical Types op" Sola n Radia- 
tion Instruments. — Several forms of pyr- 
heliometers have been devised in which elec- 
trical resistance thermometers or thernio- 
• elements have been employed instead of 
mercury thermometers, and such instruments 
are distinctly more reliable than the older 
types of pyrheliometers. 

Callendar has constructed a black-bulb 
thermometer in which a differential resistance 
thermometer replaces the 
mercury thermometer, and 
the instrument has the 
additional advantage of 
being distant reading or 
recording. 

§ (15) Oallenbar’s Sun- 
shine Recoldee. — This 
instrument 1 is shown dia- 
grammatically in Fig . 11. 
It consists of two pairs 
of resistance coils wound 
on mica frames, the two 
pairs being mounted dia- 
gonally to each, other. One 
pair of coils is blackened by means of black glass 
enamel, thus avoiding any risk of deterioration 
of the blackened surface by age. The re- 
sistance of the two blackened coils is the same 
as that of the two unblackened ones when no 
radiation falls on the surfaces. The coils are 
placed in an hermetically sealed glass vessel 
filled with dry air. The coils are connected 
to a Callendar recorder. The instrument is 
1 B>A* Report , 1900, p. 38. 



standardised by measurements made on the 
radiation emitted by standard lamps. The 
lamps used by Callendar for this purpose emit 
a radiation of approximately 1 calorie per 
square centimetre per minute at a distance 
of 20 cm. when the specified voltage is 
applied. 

§ (16) Ang-stbom’s Pyeheliometer. — The 
principle of the Angstrom pyrheliometer 2 is 
simple. Two thin metal strips (20 mm. long, 
1-5 mm, wide, and *02 mm. thick) are alter- 
nately exposed to the radiation to be measured. 
When one strip is being heated by the radia- 
tion falling upon it, the other strip, which, 
although shielded, is close to the exposed 
strip, is heated to the same temperature by 
an electric current passing through it. Equality 
of temperature is indicated by a sensitive 
galvanometer connected to a pair of copper 
constantan thermojunctions, attached to the 
back of the receiving strips but insulated from 
them by thin silk paper and shellac varnish. 
It* is then assumed that the energy expended 
in the electrically heated strip is equal to the 
radiant energy absorbed by the exposed strip. 

The amount of energy absorbed by each 
particular instrument depends on three factors, 
which must be accurately known, viz. the 
width and resistance of the strips and the 
coefficient of absorption of the smoke-black 
film on the strips. Knowing these values, 
the absolute value of the radiation may be 
computed. 

The construction of the instrument is simple, 
and is illustrated diagrammatically in Fig . 12, 



The two strips of manganin, A and 35, arc*, 
mounted side by side on a small circular frame 
about 40 mm. in diameter. On the front end 
of the tube carrying the strips a double- walled 
reversible screen is mounted, which protects 
one or other of the strips from external radia- 
tion. The auxiliary apparatus consists of a 
milliammeter, an accumulator, a rheostat, and 
a sensitive galvanometer. 

§ (17) Callenbab’s Radio-balanok.— 1 The 
radio-balance due to Callendar 3 was developed 
from the radio -calorimeter described by him 
in the British Association Report for 1900. 

2 Astropfojsical Journal, 1809, ix. 332* 

3 Proe. Phys. Soc* xxiii. 10, 
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In this instrument a copjmr disc (13 mm. in 
diameter) was supported by two fine iron- 
constantan couples at right angles, either of 
which could be used for observing the rate 
of rise of temperature of the disc when 
exposed to radiation. It occurred to Callendar 
that by passing an electric current through one 
of the thermocouples the radiation might be 
directly compensated by the heat absorption 
due to the Peltier effect. In the first model 
a disc was used as a receiver, but in. the later 
model a cup (4 mm. diameter, 10 mm. deep) 
was employed. This cup has been found ex- 
perimentally to have an absorption coefficient 
of nearly unity. 

The radiation, is directly compensated by 
the heat absorption due to the Peltier effect 
in a tkermoj unction, soldered to the cup, 
through which a measured current is passed ; 
and, since there is practically no temperature 
change, the radiation is deduced in absolute 
measure without a knowledge of the thermal 
capacity of the cup. The cup is mounted in 
a small tubular thermopile connected to a 


A 



fki, 13. 


sensitive galvanometer for indicating the 
balance (hoc Fvj. 13). 

In order to com pen sate accurately for 
changes in the surrounding temperature and 
to avoid the necessity for a water-jacket, two 
similar cups with similar connections are 
mounted side by side in a hollow copper 
cylinder. Either can be connected by a 
double-pole switch to a circuit of the battery 
B, rheostat. H , an< 1 m il liamin eter A , for 
supplying, regulating, and measuring the 
current. The thermopiles in which the cups 
are mounted are oppositely connected in the 
circuit of a sensitive galvanometer (3, so as 
to indicate the difference in tern pemturo of 
the cups. The upper junctions of each pile 
are bound firmly round the middle of a cup, 
from which tiny are insulated by thin paper 
and shellac. The lower junctions are similarly 
fastened to a small copper block screwed to 
the base of the thick copper cylinder. The 
thermopiles usually consist of twelve couples 


each. The Peltier couples are single iron- 
constamtan couples soldered to the bottom of 
the cups. The four pairs of leads for the two 
couples and the two thermopiles are brought 
out separately, so that the insulation can be 
tested at any time. 

The equation giving the value H of the 
radiation in absolute measure (watts per sq. 
cm.) is 

aAH = PC - C fl R= PC (l - ^r) > 

where ct is the absorption coefficient of the 
blackened cup, 

A the area of the aperture admitting 
radiation in sq. cm., 

TI the intensity of the radiation in 
watts per sq. cm., 

P is the coefficient of the Peltier effect 
in volts, 

C the current through the couple, in 
amperes, 

G a = P/R/, the neutral current giving 
neither heating nor cooling. 

It is obvious that there is a maximum radia- 
tion which can be directly compensated by 
the cooling effect, but the range can be varied, 
and the instrument is quite suitable for the 
measurement of solar x'adiation. 

When the radio -balance is employed as a 
pyrheliometer the thick copper cylinder con- 
taining the cups and their connections is 
extended by a, tube containing suitable dia- 
phragms for limiting the exposure. The whole 
is mounted eqxiatorially on a levelling stand. 
The tube is gilded in place of being lacquered, 
as the gilt stands exposure to the sunshine 
better and also greatly diminishes the absorp- 
tion of heat. A convenient feature of the 
direct compensation method is that the result 
is obtained by a single observation, but it is 
generally desirable to interchange the cups at 
each observation. The rapidity of working 
is a great advantage when a variable like 
sunshine is being measured, since an observa- 
tion can be made in about one and a half 
minutes. The most convenient method of 
observation m to set the current at a s\iit- 
ablo constant value, such as 0*2 ampere, 
corresponding to nearly 1 caloric per square 
centimetre per minute, and to observe the 
deflections of the galvanometer, which arc 
proportional to the change in the intensity of 
radiation. The instrument is almost perfectly 
compensated for changes in the surrounding 
temperature, and it quickly reaches a final 
steady deflection. A disadvantage is that the 
increase of the Peltier effect per 1° Cl for the 
couples employed is nearly *0001 volt in 
0*0 150 volt. It is necessary, therefore, to 
read t he Inst rum ent tomperatu re to about 
0-1° 0. in order to obtain an accuracy of 1 in 
1500. 

2 7j 


YOU, III 
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III. Instruments for measuring the 
Distribution of Energy in the 
Spectrum, 

The measurement of the distribution of 
energy in the spectrum of a hot object 
presents considerable practical difficulty on 
account of the low sensitivity of all the 
instruments hitherto devised for the pur- 
pose. It is only in the case of the sun 
and the acetylene flame that it has been 
possible to measure the distribution right 
through the visible to the ultra-violet (0*36 /x) ; 
in other cases the work has been confined 
to the infra-red, where the energy is a 
maximum. 

§ (18) Bolometric Appliances for Solar 
Work. — As far back as 1881 Langley invented 
the bolometer and applied it with masterly 
skill to the mapping of the energy in the solar 
spectrum, and his work in connection will be 
referred to in Section IV. 

Langley’s instrument was not taken up by 
meteorologists on account of the delicate 
manipulation involved, and it is only within 
comparatively recent years that a bolometer 
has been evolved capable of use in routine 
meteorological observations. 

This development of the bolometer 1 is due 
to Abbott of the Mount Wilson Astrophysical 



Observatory, and the instrument is illustrated 
in Fig . 14. 

§ (19) Abbott’s Form op Bolometer. — 
The working part of the instrument consists 
of a thin strip of platinum P, about 12 mm. 
long, 0*06 mm. wide, and its thickness may be 
best estimated from the fact that its electrical 
resistance is about 4 ohms. For the sake of 
symmetry of conditions a second strip of 
platinum, as nearly as possible like the ab- 
sorbing strip, but shielded from radiation by 
a diaphragm, forms the second arm of the 
Wheatstone bridge. The two platinum strips 
are blackened by camphor smoke. The third 
and fourth arms of the bridge consists of two 
equal coils. 

Special precautions are necessary for the 
avoidance of uncertain contacts, thermal 
effects, and for protection from air currents, 
etc. 

For work with the bolometer it is necessary 
to employ galvanometers of greater sensitivity 
than those ordinarily available for routine 
work. A suitable instrument is one which 

1 Annals of the Astrophysical Observatory , ii. 28. 


will respond to a current of 10" 11 ampere with 
a period of 10 seconds and a resistance of 
20 ohms. 

According to Nutting a good bolometer 
outfit should be capable of measuring a radia- 
tion flux of one-millionth watt per square 
centimetre, and must measure within 1 per 
cent a flux 100 times this amount, Le w 0*0001 
watt per square centimetre, which is roughly 
equal to the radiation from an ordinary 
candle at 1 metre. 

Although this is a fairly bright illumination 
as judged by the eye, it must be remembered 
that the normal eye is vastly more sensitive 
in the visible spectrum than the most delicate 
bolometer, 

§ (20) The Thermopile. — The multiple 
junction thermo -element has been developed 
by Rubens and others into an instrument of 
considerable accuracy for spectral work. 

By careful construction a multiple element 
radiometer can be made whose sensitivity is 
roughly one-tenth that of a high-class bolo- 
meter, and it has the advantage of being more 
convenient to use than the bolometer. 

A modem type of thermopile 2 is shown in 
Fig . 15, the elements of which are bismuth 



Ww. 15. 


and silver. The pile consists of about twenty 
junctions arranged in the receiver so that the 
junctions lie in a straight line and slightly one 
behind the other, so that it is impossible for 
radiation to pass through the pile. The cold 
junctions occur alternately on either side of 
the hot junction and are protected from 
external radiation. 

An instrument based on the same principle 
as the above is the Boys radio -micrometer. 3 

The active part of the instrument consists 
of a very light circuit composed of a single 
loop of fine silver wire the lower ends of 
which are joined by a pair of very light 
bars of two alloys giving a large thermo- 
electromotive per degree. These bars form 
a thermo-electric circuit and radiation is 
received on the lower junction. The circuit 
is suspended by a quartz fibre in the field of a 

2 Coblentz, Bulletin Bureau of Standards , U.S.A., 
iv. 391 ; ix. 7 ; xi. 131. 

3 See c< Radio-micrometer.” 
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permanent magnet. The general arrangement 
of a modern form is illustrated in Fig. 16. 



Fig. 16. 


§ 


(21) Nicholas Radiometer.— Nichols in 
some of his work on the dispersion of various 
bodies for rays of very long wave-length 
employed a modified form of Crookes’s radio- 
meter. 

In NiehoPs instrument the vanes are sus- 
pended by a quartz: fibre about 0-5 g in 
diameter, and the angle through which they 
are turned from their position of rest is 
measured by the excursion of a spot of light 
reflected from a very small mirror. 

I ho instrument is shown diagram in atieally 
I n Fig, 17. The vanes are made of the thinnest 
mica, I mm. by 4 mm., blackened. The whole 


that of a high-class bolometer, but the period 
is much longer. 

The radiometer gives well-defined readings 
with little creeping at the 
maximum deflection and 
but little shift of zero. 

It can be moved about 
easily, is independent of 
auxiliary apparatus, and 
does not require skilled 
manijDulation. 

Its most serious dis- 
advantage is the fact 
that the sensitivity varies 
with the gas pressure. 


IV. Methods of Cali- 
bration ix Terms of 
Wave-lengths 

In order to be able to 
measure the indices of 
refraction of various sub- 
stances in the infra - red 
and ascertain the wave- 
lengths of the Fraunhofer 
lines in the solar spec- 
trum, it is necessary to Fig, 17. 

have means of determin- 
ing the relations between the dispersion and 
the true wave-length. 

§ (22) Langley’s Method. — -Langley, in his 
work on the solar spectrum, determined the 
wave-lengths of the absorption bands by the 
following device. 




\ 

\ 

x 

suspended system weighs but a few milligrams. 
The heavy metal case is provided with fluorite 
windows. The sensitivity of the instrument 
is a maximum at about <)•(> mm. gas pressure 
and decreases rapidly for b< >th higher ant 1 
lower pressures. 

Experiments show that the sensitivity of a 
well-made instrument is nearly as good as 


The rays from the sun wore first diffracted 
by a grating and then refracted by a prism, 
and in this way the indices of refraction for 
rays of known wave-length were obtained ; 
further, the prism served to separate the 
various superposed orders of the spectra 
produced by the grating. A diagram of the 
apparatus is shown in Fig. 18, A beam of 
sunlight from a heliostat falls onto the concave 
mirror M, which focusses it upon the slit S 
of a concave grating apparatus. This slit is 
protected by a plate of iron, pierced with a hole. 
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which is only a little larger than the slit. 
From the slit the rays fall upon the concave 
grating G, which focusses the spectral rays 
on the dotted circle. At X, where the photo- 
graphic plate, or eyepiece, is usually placed to 
observe the normal spectra, there is a second 
slit, which forms part of a prism spectrometer, * 
of which the lenses are shown and the prism 
at P. The second lens focusses the image of 
X upon the bolometer at B ; the arm carrying 
the bolometer rotates round a centre under 
the prism, and there is an arrangement for 
always keeping the latter in the position 
of minimum deviation. The readings of the 
angle of deviation produced by the prism can 
be read accurately to 1 minute of arc. The 
grating was one ruled by Rowland, with 18050 
lines (142 to the millimetre) on a spherical 
mirror of 1*63 metre focus. 

§ (23) INTERFERENCE METHOD. In 1847 

an interference method was devised by Fizeau 
and Foucault for determining wave-lengths in 
the visible spectrum. About twenty years 
later Mouton applied a similar method to the 
infra-red end of the spectrum. 1 

Reference must be made to the following 
memoirs for a detailed description of the 
method : Gomptes Rendus , 1847, xxv. 447 ; 
Ann. Ghim. PJiys ., 1879 (5), xviii. 145. 

The writer desires to record his indebted- 
ness to Mr. R. S. Whipple for permission to 
draw upon the material contained in his 
paper read before the Optical Society. 

e. a. a. 

RADIATION 

Radiation viewed from the Aspect of 
Meteorology, the Determination of 
the Constants involved, the Absorp- 
tion of Radiation by the Am and by 
Water Vapour, and the Meteoro- 
logical Effects of Radiation. 

§ (1) The Solar Constant. — The whole 
science of meteorology depends closely upon 
radiation, for without the radiant energy that 
comes from the sun there could be no meteoro- 
logical phenomena, no climate, no sequence of 
weather, no rain, snow, wind, or storm ; indeed 
a study of the weather is simply a study of solar 
energy as it passes through its various forms 
from the time it enters the earth’s atmosphere 
as radiant heat and light until it is radiated out 
to space in the form of the long wave radiation 
of the earth and atmosphere. 

Our first inquiry is naturally the amount of 
heat received from the sun, the value of the 
so-called solar constant. This is not the 
amount that is received at the surface of the 
earth, because the air intercepts some portion 
of the energy as it passes through and reflects 
back another portion, nearly half probably, into 

1 An outline of the procedure adopted is given in 
TJaly’s Spectroscopy. 


space. The solar constant may be defined as 
the amount falling in unit time on a unit 
surface that is exposed perpendicularly to the 
unimpeded radiation from the sun. The value 
now generally accepted as approximately 
correct is that obtained by Abbot and Fowle 
and is a little under 2 gramme -calories per 
minute per square centimetre (“ Radiation, 
Measurement of Solar ”). That is to say that 
if the solar heat at a place where the sun 
is in the zenith were entirely absorbed by a 
horizontal layer of water 1 cm. thick placed 
at the outer limit of the atmosphere it would 
raise that water nearly 2° C. in temperature 
in one minute. This is the mean value : the 
actual radiation varies between January and 
July by as much as 6 per cent because the sun 
is a trifle over 3 per cent nearer the earth on 
January 1 than on July 1, and the intensity 
of the radiation varies as the inverse square 
of the sun’s distance. 

There is also reason to think that the amount of 
the radiation is not really a constant apart from the 
sun’s change of distance but that .it may vary with 
the sunspot period. It has been held that the energy 
radiated should be greatest at the time of the sun- 
spot maxima, but Dr. G. T. Walker has obtained the 
correlation coefficients between the number of sun- 
spots and the mean temperature at 100 stations, 
and it appears from his work that the correlation 
is mostly negative. It might well happen that owing 
to a casual deviation the majority of the coefficients 
might be negative, but* the mean value of the co- 
efficients ( — *13) though small is still large enough 
to be significant, and 77 are negative. Now 
77 out of 100 is beyond the range of a casual 
percentage in a sample of 100, so that the investi- 
gation shows that the earth is cooler at the times of 
sunspot maxima (“ Correlations in Seasonal Varia- 
tions of Weather,” Memoirs of the Indian Meteoro- 
logical Department , vols. xx. and xxi., by Dr. G. T. 
Walker, F.R.S.). 

(i.) Method of determining the Value of the 
Constant . — The difficulty of determining the 
solar constant is readily apparent, for it is 
obvious that a radiometer to measure it can- 
not be placed at the outer limit of the atmo- 
sphere, the only place where the quantity to be 
measured is to be found. It follows that the 
value must be inferred from the quantity left 
after the solar rays have passed through con- 
siderable portions of the earth’s atmosphere 
and thereby lost some part of their energy. 
Now if the loss of energy were simply propor- 
tional to the mass of air through which the 
rays had passed it would be easy to measure 
the radiation reaching the earth after the rays 
had passed through a mass of air equivalent 
to, say, one, two, or three atmospheres. The 
values so obtained would give the loss per 
atmosphere, and this loss added to the value 
at the earth’s surface for a vertical sun 
would be the value of the solar constant, for 
I the rays from a sun exactly overhead pass, of 
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course, through one atmosphere in reaching the 
earth. 

However the rule is not so simple as that 
supposed above ; the same mass of air does 
not absorb the same quantity of heat from 
the solar rays passing through it in the lower 
part as in the higher part of the atmosphere, 
because in the lower part the actual stream 
of energy is less, some of it having been lost 
above. But we may assume, to begin with, 
that the same proportion of the energy due 
to a certain wave-length is always absorbed 
by the same mass of air, and this leads to the 
formula given below. 

Let radiation equal to A per square centimetre 
be entering at right angles a layer of air of mass m 
per sq. cm. and let a proportion p of it be absorbed, 
an amount (l—p)A will be left. Of this p(L— p)A 
is absorbed by the next layer and (1— p) 2 A is left. 
Then after n such layers have been passed the amount 
left, B yi let us say, will be (1— p) n A* The amount 
absorbed will be A — B„. Call this qA and note 
that it is absorbed by a stratum having a mass of 
mn per square cun. Then we have 

#A~A“-B n ~ A— (1 — p) n A, 

If n be a large number heavy multiplication will 
be required in using this formula, but it may be 
avoided by taking logarithms. Thus 

log (1 log (! — </>- ... I. 


Further, if the original stratum be very thin, then p 
will be very small and log,. (I—jj) may be taken as 
equal to —p f 

1 

... -p=a~ log„(l-*<7), 

71 


2 >~- 


1 1 

- ~ l°g<' i'7 


2 *.‘{02 , 1 


II. 


-<l n 

Equation II. may be written m the form 
1 - q ^er 7V P 

or . . - Ill 


whore A is the incident energy and B n is the 
energy that, emerges after passing through a mass 
nm of air, provided that the pencil of radiation 
is of one sq. cm, cross -section ; hence by suit- 
ably choosing the units we may write B = Ae~ m?; , 
where ni is the mass of air passed through. 

By the use of this equation wo arc theoretic- 
ally in a position to determine the solar 
constant A, for B is the amount of energy 
directly measured by a radiometer. We 
proceed thus. Make an observation when the 
sun is in the zenith and let B t be the value 
observed. Make a second observation when 
the sun is (>()° from the zenith and let the 
amount bn B ; >. In the first case the rays have 
passed through a mass of air equivalent to 
one atmosphere ; in the second ease, as will 
bo easily seen by drawing a figure, the rays 


have passed through very nearly two atmo- 
spheres — it would be exactly two if the earth 
were flat instead of spherical. Hence we have 
the two equations B a = Ae-“ m3? and B 2 = Ae”" 2 ™^, 
and since and B 2 are known., the two 
equations contain only two unknown quantities, 
namely A and the product mp, and therefore 
these can be determined and A the solar 
constant found. 

But in practice the matter is not so simple 
and many difficulties are encountex^ed. Apart 
from a further complication to be mentioned 
presently the value of p is not the same for 
different parts of the solar spectrum, and the 
value of A cannot be obtained as a lump sum ; 
but A must be separated out into many parts 
corresponding to different wave-lengths, each 
part must be obtained sejoarately and then 
the total added up. This involves extra 
observational difficulties, because a prism or 
a grating must be used to separate out the 
different wave-lengths. Then again p has not 
the same value for the upper as for the lower 
parts of the atmosphere. There is some doubt 
whether p does not depend on the pressure, 
but however that may be p depends upon the 
amount of water vapour present in the air, and 
the vapour is concentrated in the lower strata. 
Thus the formula B = Air* 11 ** is not rigorously 
exact, since it was obtained on the supposition 
that p is a constant. Some allowance can be 
made for this by using values obtained from 
mountain stations where the effect of the lower 
third of the atmosphere is cut out. 

It must also be noted that observations on 
the solar radiation with different altitudes of the 
sun cannot be obtained simultaneonsly at the 
same place, and during the necessary interval 
of time the conditions may have altered. If 
one could be sure that there was no systematic 
change of condition with time the casual varia- 
tions could bo eliminated by taking the average 
of a large number of observations, but the value 
of p is known to change during the day, for 
the maximum of the solar radiation reaching 
the earth is not as well marked at noon, when 
the sun is highest, as it ought to be, since the 
curve is almost flat during the midday hours. 

(ii.) Value of the Solar Constant . — There 
is not space to set out in detail how these 
difficulties have been met, it must suffice to* 
say that Abbott and Towle, 1 after long and 
careful work, have given the value of the 
constant as 1*93 gramme-calories per square 
centimetre per minute, and their value is 
generally accepted by those most competent to 
form an opinion as reliable. For meteorological 
purposes, avoiding decimals, we may take it 
as 2 g.o. It will be shown further on that the 
value of the constant can barely exceed 2 g.e. 

1 See " Solar Constant., MeaHtire incut of,” Abbott 
and Kmvle, Annals of the Astrophmieal ObMrmtumtt 
of the Wmilfutonian Institute , Washington, 1008, ii. ; 
I iOUh ill. 
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To obtain the mean for the surface of the 
earth we must divide by 4, since the whole 
surface of the earth, assumed to be a sphere, 
is 47rr 2 , and the flat surface on which the same 
pencil of solar rays would fall perpendicularly 
is 7rr 2 . Thus the mean value is *5 g.c. per sq. 
cm. per minute. For meteorological purposes 
a more convenient unit is the day, and the 
value -5 g.c. per minute gives 720 c.g. per sq. 
cm. per day. In other units this is 3009-6 
joules per sq. cm. per day, or 34-8 milliwatts 
per sq. cm. The following approximate equi- 
valents are useful, but it must be remembered 
that nearly half of the solar heat is reflected 
by the atmosphere and does no useful work. 

The average solar heat received at the outer 
surface of the atmosphere per day is capable 
of raising by 1° C. the temperature of a layer 
of water covering the whole earth 720 cm. 
thick (23*62 ft.), of melting a layer of ice 9 cm. 
thick (3-54 in.), of evaporating at atmospheric 
temperatures a layer of water 12-2 mm. thick 
(-48 in.). It would raise the temperature of 
the whole atmosphere about 3° C., or if the 
whole supply took the form of kinetic energy 
it would impart to the air a velocity of 33 
metres per second (73 miles per hour). 

It may be added here that the maximum 
energy of the solar radiation occurs at a wave- 
length of about -5 p, (^ = -001 mm. ). 

§ (2) The Constants of Atmospheric 
Radiation, (i.) Effective Radiation . — In con- 
sidering the meteorological aspect of radiation 
it is desirable to know the quantity of radiant 
energy that a given mass of dry air at a 
definite temperature and pressure can give 
out. So many difficulties are met with in 
determining this quantity and the figures 
that have been given are so discordant that 
no attempt can be made at the present time 
to give authoritative values. By “ dry air ** the 
mixture of the permanent gases of the atmo- 
sphere is meant ; the effect of water vapour, 
which is very important, must be considered 
separately. Of the permanent gases carbonic 
acid, though small as a percentage of the 
whole, has most effect on the radiation. 

Consider, then, the radiation from one 
gramme of dry air. But firstly, since great con- 
fusion has arisen from neglect of this point, what 
is meant by radiation must be clearly defined. 
By the theory of exchanges a body is giving 
out the same radiation whatever be the nature 
of its surroundings, the change from an en- 
closure at the temperature of liquid air to one 
at the temperature of boiling water makes no 
difference, so long as the condition of the radiat- 
ing body itself remains unchanged. Radiation 
is used in this sense in the following remarks. 
But the temperature of the surroundings 
makes a great difference to the radiant energy 
received by the body and therefore to its 
change of temperature, which depends on the | 


difference between what it is giving out and 
what it is receiving. This difference has 
loosely been called “ radiation ” in some cases. 

It is measured by the change of temperature 
it causes and in the following remarks it is 
called “ net ” or “ effective ” radiation. 

(ii.) Radiation from the Air . — Consider then 
a gramme of air and assume, as we may 
do with so small a unit, that the radiation 
given out by one part of it is not absorbed 
by any other part. Such a mass of air is 
giving out radiation equally on all sides, 
upwards, downwards, horizontally, and in all 
intermediate directions. In this respect its 
radiation is unlike that of the sun, where the 
rays that reach the earth are in one direction 
only. It is required to measure this radiation 
and there are various ways in which an attempt 
to do so can be made. We will consider the 
meteorological methods. If the gramme of 
air could be placed in such a position that it 
was losing heat by radiation alone and we 
could measure the rate at which its tempera- 
ture was falling, we should, knowing also its 
temperature, be able to find the constant in 
question, for the mass multiplied by the specific 
heat at constant pressure, multiplied by the 
fall of temperature, gives the loss of heat, and 
this is equal to the net loss by radiation in the 
same time. 

No small mass of air is precisely in this 
condition, but the lower strata of the atmo- 
sphere, say, for example, the stratum lying 
between the heights of one and two metres 
above the ground, cool rapidly on still, clear 
nights, and the rate of cooling can be 
measured. On the assumption made that the 
cooling is entirely due to radiation, an 
assumption that, as we shall show below, can 
hardly be justified, the rate of cooling gives 
the net radiative loss from the stratum. But 
to determine the constant the actual radiation 
is required. If the curve for a still, clear 
night given by an ordinary thermograph be 
examined, a rapid fall of temperature about 
the time of sunset will be noticed, and it will 
be seen that the curve seems to approach a 
horizontal asymptote. The temperature de- 
noted by this asymptote is taken as the 
equivalent radiative temperature of the 
surrounding stratum of air, and from a 
knowledge of that temperature and the 
constant of radiation the whole radiation 
from the stratum can be determined. But 
it must be remembered that the vertical 
component is the only effective radiation, 
and this occurs from both sides of the stratum, 
it is directed upwards as well as downwards. 
The horizontal component is not effective, it 
is only the interchange of equal quantities of 
radiant energy between bodies at the same 
temperature, i.e. between different parts of 
the same stratum. 
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_ 'Italic method is not satisfactory (vide a paper by 
JLioTitenant-ColonoI Gold, i?- Met, Soc. J. vol. xxxix. 
-No. 108, p. 253), and the reasons for this arc prob- 
ably twofold. 

'The assumption that the air is changing its tempera- 
tru:r*o tinder the action of radiation alone is a very 
doubtful one. In England at least very low tempera- 
bti i'es at niglit do not occur unless there is a good cover- 
1U S °f snow on the ground, and preferably of light 
fleecy snow. Thus at Benson, Oxfordshire* on 
ternary 5, 1917, at 1 a.m. the thermometer stood 
~£8° F. with a cloudy sky and 21 inches of light 
I'i'oshly fallen snow on the ground. By 7.30 a.m. 
“hlro sky had cleared and the temperature had fallen 
ho — 4 U E\, both temperatures being screen torn per a- 
t’Vi 'X'cs at 4 feet above the ground. It seems very 
run likely that this unusually low temperature, which 
1 b not likely to occur once in fifty years, and the j 
ocj ii ally unusual rate of fall, were due entirely to the 
Bp>cxdal radiative quality of the air on that morning • 
ib is much more likely that it was in largo part due 
ho the snow forming a non-conducting blanket to 
hire earth and so preventing the heat stored in the 
Ofxrth from maintaining the temperature of the air. 
If this be so, then under ordinary circumstances 
fuvrt of tire change of temperature in the stratum 
e considered depends on the heat flow from the ground* 
The second reason is this- If the radiating power 
of the atmosphere, which wo may call the emissivity, 
is large, so also by KirchoiFH law is the absorbing 
power; hence if the air is giving out much radiation 
it* is also absorbing the radiation from the ground and 
ti le neighbouring strata freely, and the result of an 
irx creased emissivity is not very marked on the net 
t'xxdintion. It follows that any error made in estimat- 
irxg the not radiation and expressed as a percentage 
error is largely increased when expressed as a per- 
o outage error on the emissivity. 

But the method has one advantage. The 
jiu mount of water vapour present in the layer 
of air, the radiation of which is being observed, 
its known, and this amount may have an im- 
portant influence on the result. 

There is a second meteorological method 
which on the whole is more satisfactory. A 
radiometer is used which gives the not loss of 
Cinergy from a black surface to the sky at night. 
Hy the Stefan -Boltzmann law that the actual 
eradiation is proportional to the fourth power 
< >f the temperature measured on the absolute 
s-ioalo, and a knowledge of Stefan’s constant, 
teteo whole radiation from, the blackened surface 
i h known. Subtracting from this the not 
xuuliation that is measured by the radiometer 
wo obtain the value of the return radiation 
from the sky. For England with a clear sky 
flic average for this quantity lies somewhere 
in the neighbourhood of 500 granune-ealories 
per (Lay, We know within about 1° <1 the 
mean temperature of the air ovor England 
up to a height where the pressure is less than 
*50 mb., and the emissivity must be such 
that the total downward radiate >n may 
agree with the observed value. By this 
means an approximate value can be calculated. 
Mr. I.j. F. Richardson, using some observations 


by A. Angstrom, made on Mount Whitney, 
California, on a clear dry night (Aug. 11, 1913), 
has calculated that a layer of dry air equi- 
valent to an additional pressure of one milli- 
bar absorbs *00151 of a pencil of long -wave 
radiation passing through it perpendicularly. 
His precise statement is “ the absorptivity per 
density j may be defined by the statement 
that a fraction, jpdl of incident parallel radia- 
tion is absorbed in passing through a length 
81 of dry clear air, where y = 1*48 x 10"~ 3 (cm. 2 
grin.- 1 ) ” (Weather Prediction by Numerical 
Process, Camb. Press, pp. 50 and 54)* 

The calculation is to some extent uncertain 
because the radiation is coming from all 
directions. The radiation for the same small 
solid angle falling on a surface perpendicular 
to the rays is least for the zenith, greatest 
for a horizontal direction where it reaches 
the full radiation, from a black body at the 
temperature of the air at the surface. 

A bettor way would bo to make observations 
on the radiation from the zenith alone and 
base the calculation on them. Some observa- 
tions have been made at the Meteorological 
Office Observatory at Benson, but lead to no 
cl eli ni to e mute i sio n . 

The objection to this method in than the water 
contents of the atmosphere lying above the place of 
observation are in general unknown, and have to bo 
inferred from the vapour pressure at the surface at 
the time of observation. Buck inference is unsafe ; 
it, may hold for average conditions, but is doubtful 
for the individual ease. 

Much uncertainty prevails as to the value of the 
absorption coefficient for air containing given 
quantities of moisture both with regard to solar and 
terrestrial radiation. It is almost certain that in 
the case of long- wave radiation the coefficient 
increases with increasing moisture, and Anders 
Angstrom in the paper quoted above found a close 
connection between the effective radiation at night 
and the humidity at the place and the time- With 
regard to solar radiation the readings of the black 
bulb thermometer in vacuo obtained by Scott’s 
first expedition to the Antarctic wore very high even 
when compared with similar instruments in the 
tropics. This may have been due to diffuse reflection 
from the snow and ice, hut it seems more likely and 
more in accordance with other experience to suppose 
that the low temperature insures a low water content 
in the overlying air and that, therefore, more solar 
radiation is transmitted notwithstanding the low 
alt itude of the sun- 

lb may bo added that the wave-length of 
maximum energy for t he earth's radiation is 
about IO /a (*0l mm.). 

§ (3) This Evfkot mr Radiation upon 
Atm osim i kri o T km dor at urks. (L) Tempera - 
lure l>iMribvtion.— The part played Ivy radia- 

tion in the distribution of temperature in the 
vertical direction in the atmosphere is more 
or less uiUAcrtain, as so many other factors 
arts involved, hut it must be considerable. The 
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facts about this distribution, as they have been 
established by observations in the last twenty 
years are these. 

There is a steady fall 1 of temperature with 
height, called the lapse rate, up to a certain 
level, and above that level the temperature 
remains nearly constant up to the greatest 
heights that have been reached, that is to 
about 20 km. or 12 J miles. 

The lower part of the atmosphere, called 
the troposphere, in which the lapse rate is 
found, reaches to about 10*5 km. in the latitude 
of England, but to 16 or more kilometres over 
the Equator. It is in general sharply differen- 
tiated from the upper part, called the strato- 
sphere, which is often a few degrees warmer 
than the top of the troposphere. The height 
of the boundary varies with the latitude, being 
greatest in the equatorial and tropical regions, 
lowest in high latitudes. The temperature 
of the stratosphere also depends on the 
latitude; it is as low as —80° 0. over the 
Equator, but 30 higher or - 50° C. about over 
England. Thus the lowest natural tempera- 
tures ever observed are not found in the polar 
regions, but high up over the Equator, where 
solar radiation is most intense. 

(il) Solar Radiation. — We can to some 
extent trace the radiation from the time it 
arrives from the sun until it is radiated 
back as long-wave radiation from the earth 
and atmosphere to space. It is estimated 
that from one-third to one-half of the solar 
energy is reflected by diffuse reflection from 
the clouds and air, and is therefore without 
effect so far as the earth is concerned. Taking 
the value of the solar constant as -5 gramme- 
calorie per minute as the average amount 
that falls on 1 square centimetre parallel to 
the earth’s surface at the outer surface of the 
atmosphere, this gives 720 g.c. per day, of 
which we may suppose 320 are reflected and 
the remaining 400 used in warming the air 
and the earth’s surface. Obviously what is 
received from the sun must be in the long-run 
radiated out again, and hence we have about I 


The next quantity in the course of the radia- 
tion that can be measured is the amount of 
solar energy falling on a square centimetre 
of the earth’s surface. Self-recording instru- 
ments to measure this are in use at various 
stations, but they are not sufficiently numerous 
to give a mean for the whole earth. The 
amount naturally depends on the latitude ; 
the value for London, which includes the 
scattered solar radiation from the sky, is about 
200 g.c. per day (195 for a three years’ average). 
In Washington the value is about 350. 
Washington is in latitude 38*53, and half the 
earth’s surface is included between the latitude 
of 30 N. and 30 S. Washington ought, therefore, 
to receive less radiation from the sun than the 
general mean value which at the outer surface 
of the atmosphere is taken as 400. If the 
mean at the earth’s surface is more than 350 
a very small quantity is left for the amount 
absorbed by the air. This is one of the many 
discrepancies that are at present unexplained. 

This amount, the heat given to the earth’s 
surface by the sun, whatever it may be, is 
given back to the air, but only partly in the 
form of radiation. The solar rays on reaching 
the earth take the form of heat, and this heat 
passes back partly by contact with the air, 
for, on the whole, the mean temperature of 
the earth’s surface is above that of the air 
in contact with it ; partly by the evaporation 
of water from the surface and the return of 
the heat required to evaporate the water as 
latent heat where the vapour is condensed to 
form rain or snow ; and partly by the net or 
effective radiation from the earth to the sky. 

(iii.) Radiation from the Earth . — This latter 
quantity seems to have been first measured 
by Maurer in 1887. A more recent and very 
valuable determination was made by Anders 
Angstrom at Basso tir in Algeria in the summer 
of 1912, and in California in 1913. The 
following values are adapted from Angstrom’s 
paper (“ A Study of the Radiation of the 
Atmosphere,” Smithsonian Miscellaneous Col- 
lections , vol. lxv. No. 3, p. 16) : 




uoserver. 

Date. 

Piace. 

Height. 

Mean Value. 

Maurer 

Pemter 

Pemter 

Horner 

Exner 

K. Angstrom . 

Lo Surdo . 

A. Angstrom . 

June 

Feb. 

Feb. 

Aug. 

May to Nov. 
Sept. 

July to Sept. 

Zurich 

Sonnblick 

Sonnblick 

Lojosee 

Sonnblick 

Upsala 

Naples 

Algeria 

feet. 

1,524 

10,150 

10,150 

10,200 

609 

98 

3,530 

g.c*. per day. 

184 

289 

217 

245 

274 

223 

262 

250 


Net radiation from the earth to the sky on clear nights. 


400 g.c. per day radiated to space by the 
earth and atmosphere. 

3 See “Atmosphere, Thermodynamics of/’ § (5). 


Considering that these values are obtained 
by the use of different instruments at different 
heights and tepiperatures there is very good 
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agreement. They do not represent the general 
average because they were made on nights 
selected for their clearness ; on cloudy nights 
the net radiation is very small; on a few 
occasions now and then it may even he 
negative* The general average for the whole 
earth and the whole year is about 100 g.c. 
per day. The radiation is going on by day 
just as by night, but by day if a black body 
is used to measure it, it is influenced by 
diffuse radiation from the sun. If a body 
like glass is used, which is pervious to those 
solar rays which have already passed through 
the atmosphere, the net long wave radiation 
by day between the glass and the clear sky 
is plainly apparent. 

It has already been pointed out that this 
net radiation is simply the difference between 
that which the earth is giving out and that 
which it is receiving from the hemisphere of 
sky. It has been found that at ordinary 
temperatures both the earth and sea radiate 
very nearly as full radiators and at 283 a*, 
the mean temperature of London, a full 
radiator gives out 711 g.c. per sq. cm. per day. 
Assuming the outward radiation to be about 
100 g.c. per day, this leaves for England 
about 600 g.c. as the return radiation and 
reflection from the air. Observations made at 
Benson on the radiation from the sky agree 
closely with this value. 

The further course of the radiant energy 
cannot be measured directly, but it may be 
inferred, as stated above, that about 400 g.c. 
per sq. cm. per day leave the outer limit of 
the atmosphere. Stellar and planetary radia- 
tion and the amount of heat coming from the 
interior of the earth are, compared with the 
solar radiation, so small that they may he 
neglected. 

(iv.) Transference of Ileal . — The question 
naturally arises as to what part radiation 
plays in the curious distribution of tem- 
perature in the vertical direction in the 
atmosphere, but no certain conclusion can be 
reached. Heat moves vertically in the 
atmosphere by three other means besides 
radiation. These means are (1) convection, 
by which heat is disseminated upwards. 
This is notably the case when the solid surface 
of the earth is warmed by strong sunshine 
and an adiabatic lapse rate established above 
it for a few hours in the afternoon, extending 
upwards to perhaps two and very rarely to 
three kilometres' height. It is also the case 
in thunder-storms and torrential rains, but 
these phenomena are the exception, and not 
the rule. Secondly, by the latent heat of 
condensation, where the water vapour formed 
by evaporation of water at the earth’s surface 
again becomes water in the form of clouds 
and rain. This carries the solar heat from 
the earth to the strata where rain is formed. 


In temperate climates this is from one to 
three kilometres’ height, more in the tropics. 
The precise amount of heat so carried is easily 
calculated when the rainfall is known. 

The third process is not so easy to follow, 
and it carries heat downwards. Owing to the 
action of the wind a continual interchange of 
masses of air between different levels is always 
in progress. The process has been called 
“mixing,” “ stirring,’ * “turbulence,’* and, in 
German, Massenaustauschd 5 Inasmuch as 
the potential temperature (that is the tempera- 
ture after the air has been brought adiabatic- 
ally to a standard pressure) in general increases 
with height the interchange of air masses in 
a vertical direction must cause a flow of heat 
downwards. It is obvious that thoroughly 
mixing the atmosphere would produce an 
adiabatic lapse rate throughout, that is, would 
raise the temperature of the lower strata and 
lower that of the upper. The numerical 
measure of this flow of heat is uncertain ; it 
must vary widely under different circumstances 
and with height ; Dr. W. Schmidt of Vienna 
gives it as 50 g.c. per day per sq. cm. at two 
kilometres for Europe (“Der Massen-Aus- 
tausch bei der ungeordnetenStromunginfreer 
Luft und seine Folgen,” Akad . Wiss. Wien 
JBer. 9 Abteilung 11a, 126. Band, 6. Heft, p. 25). 

Since no systematic change of temperature is 
taking place in any stratum of the atmosphere 
the total flow of heat across concentric surfaces 
of equal pressure or equal altitude must for the 
year and for the whole earth be zero. This is 
probably true also for any sufficiently extended 
area such as Europe, and for periods such as 
a couple of months or so at times when the 
seasonal change of temperature is small. Thus, 
if we could sum up the total flow of heat due 
to the three causes enumerated above, the 
balance required to equate the value to zero 
would be the amount due to radiation. Now 
all three causes bring heat to the lower strata, 
say 0 — 4 km., so also does solar radiation, 
hence the layer of air from 0 to 6 km. must 
be losing more heat by its own radiation 
outwards than it is receiving from the radia- 
tion of the earth and the ‘ layers above it. 
This is confirmed by a theoretical Investigation 
dealing with long wave radiation (see R. 
Met Sac, J. vol. xlvL No. 194), according to 
which the lower strata from 1 to 5 km. are 
some 20° G. above their radiative equilibrium 
temperature. 

Above six kilometres neither convection nor 
the condensation of vapour can bring much 
heat to the atmosphere, and hence the flow 
of heat downwards from these strata due to 
mixing of masses of air must be balanced 
by the supply of heat by radiation, solar and 
long wave, to the upper strata. Since the 
mixing must tend towards a purely adiabatic 
lapse rate throughout the atmosphere, and such 
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a rate is never reached for any extensive area 
or time, the effect of radiation taken alone must 
be towards a more isothermal condition than 
actually exists. Probably radiation produces 
the isothermal condition of the stratosphere, 
but why there should be so distinct a division 
between the troposphere and stratosphere is 
not apparent. 

§ (4) Tiie Effect of Radiation upon the 
Mean Temperature of the Earth and upon 
Climate, (i.) Temperature of the Barth. — 
The earth must radiate out exactly the same 
beat that it receives from the sun, and it is an 
interesting but difficult problem to ascertain 
at what precise mean temperature this will 
occur. The Stefan-Boltzmann law of radiation 
states that the intensity of the radiation from 
a full radiator, very commonly called a“ black 
body,” is proportional to the fourth power of 
its absolute temperature. The earth and sea 
have been found, by experiment, to radiate 
almost as freely as a full radiator, and the 
mean temperature of the earth’s surface is 
not far from 288° absolute, at which tempera- 
ture the radiation to the hemisphere of sky is 
763 gramme-calories per square centimetre 
of surface per day. The solar constant cannot 
exceed, though it may be less than, this 
amount, which is equivalent to '529 gramme- 
calories per sq. cm. per minute as an average 
for the whole earth or 2-12 g.c. per sq. cm. 
per minute for a surface exposed at right 
angles to the solar rays. Abbott and Fowle’s 
■value is just under 2 gramme-calories, actually 
T93 g.c. (see § (1) (ii.)). Strictly, we are not 
justified in calculating the earth’s radia- 
tion as proportional to the fourth power 
of the mean temperature ; the mean of the 
fourth power of the temperatures ought to be 
obtained, but the error so caused can hardly 
exceed 1 per cent. Abbott and Fowle state, 1 
and their conclusion is borne out by other 
considerations, that, on a mean for the whole 
earth, a large percentage of the solar heat, 
probably some 37 per cent, is reflected back 
to space and has no effect. Thus 63 per cent 
or 481 g.c. per sq. cm. per day are available 
for warming the earth ; but other observers 
tend to reduce this figure. If we take 400 
g.c. per sq. cm. per day effective solar energy, 
this amount must be radiated by the earth 
and the equivalent radiative temperature is 
245° a. (-28° C. or -18-4° F.). For 500 
g.c. per cm. 2 per day it would be 260° a. 
This does not mean that the mean tem- 
perature of the air is 245° a. — it is about 
255° — but only that the total radiative energy 
that leaves the outer surface of the atmo- 
sphere, excluding reflected solar radiation, 
is just that which a full radiator, at 245° a. 
would give out. The difference between 245° 

1 Annals of the Astrophysical Observation of the 

Smithsonian Institute, Washington, 1908. 


and 288°, the mean temperature of the earth, 
is readily explained. A very thick layer of 
isothermal gas radiates from both its faces 
as a full radiator at the same temperature 
would do. The atmosphere is not quite 
thick enough to meet this condition, though 
it is nearly so, and it is not isothermal. The 
best observations 2 show, as we have seen 
111 § (3) (iii ), that the atmosphere radiates 
downwards about 600 g.c., the equivalent 
radiative temperature of which is 271° a. 
(—2° C.), and this temperature we know 
is the mean at a height of about 3 km. 
The outward vertical radiation above must 
be much less because the upper layers are at 
a much lower temperature. Over England 
the upper fifth part of the atmosphere has a 
mean temperature of 222° a. Over the whole 
earth the mean for this upper fifth is probably 
well below 210° a. A mean of 245° a. is met 
with a little over half way through the mass 
of the atmosphere. Thus there is nothing 
unreasonable in ascribing as low a value as 
400 g.c., the amount corresponding to the 
mean temperature of 245° a., to the outward 
radiation. A “ black ” or Ci grey ” sphere 
subject to solar radiation at the distance of 
the earth should be at a temperature of 
about 284° a., and thus the temperature of 
the earth is not far from what might be ex- 
pected from first principles. 

It has been commonly assorted that the 
mean temperature of the earth is raised by 
the special property of the atmosphere which 
transmits readily the short-wave solar radia- 
tion and hinders the return of the long-wave 
radiation from the earth,. This may be so, but 
it is somewhat doubtf ul. For, in the first place, 
the actual mean temperature, 288° a, does not 
differ appreciably from the value 284° a. which 
apparently would be attained under a solar 
radiation of 720 g.c. per sq. cm. per day if 
there were no atmosphere at all. Secondly, 
if we consider the effect of a layer of air 
in the upper strata becoming a full absorber 
of radiation of all wave-lengths, and there- 
fore by Kirchhofi’s law a full radiator, it is 
apparent that it would have a mean tem- 
perature of 284° a., for it could have no 
effective radiation downwards, and the 
temperature of the underlying layers could 
not on . the whole be less than this. They 
would, in fact, under radiation alone be at a 
temperature of 284° a., for they would be in 
the position of a body inside a closed iso- 
thermal surface. 

(ii.) . Radiation and Climate . — The effect of 
radiation upon climate is more readily intel- 
ligible and does not present so many difficulties 
as the other parts of the subject. 


Voir «T w, -m,.,. o, vv uaiuiiK* 

von’ Anders AngstrSrn ® eaenst ' Ta ^ un ° ^ er Atmosphare, 
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At either equinox on the Equator at midday, 
apart from absorption, by the atmosphere, we 
have already stated that 2 g.c. per minute of 
solar energy fall on each horizontal square 
centimetre. The sun is only overhead for 
a short time, but it Is easy to see that the 
average amount per minute through the 24 
hours is 2/tt per minute, or very nearly 9 16 g.c. 
per day. For the equinox in any other latitude 
we must multiply 916 by the cosine of the 
latitude. 

Rut the mean for the whole year in any 
latitude is by no means proportional to the 
cosine of that latitude on account of the 
obliquity of the ecliptic, and using a table 
by Hann, who quotes Angot, we get the 
following values of the mean daily solar 
radiation for each 10° latitude circle : 


Latitude 

M e a li daily 
solar radiation « 

0 

916 

10° 

903 

20° 

8G5 

30° 

800 

40° 

725 

Latitude 

50° 

60° 

70° 

80° 

90° 

M can d a i 1 y 






solar radiation . 

628 

1521 

434 

393 

380 


This takes no account of the absorption of 
the atmosphere or diffuse reflection. In 
discussing climate it can hardly matter what 
the absorption is, because it can matter little 
if the heat is communicated directly to the 
air by being absorbed, or indirectly by first 
heating the ground or sea. Rut the amount 
reflected is of consequence, and presumably it 
is greater when the rays arc oblique. 

The following mean annual temperatures on 
the absolute scale for each 10° of latitude are 
also taken from Harm’s Meteorology. They 
refer to the northern hemisphere. 


Latitude 

0 

10° 

20° 

30° 

40° 

Temp. Aba . 

299° 

:mr 

298 13 

293° 

287° 

Radiation per sq. 






cm, . 

886 

898 

874 



817 

752 

Latitude 

50° 

(K)° 

70“ 

80° 

90° 

Temp. Aim, . 

279° : 

272° 

203° 

2 m° 

253° 

Radial ion per sq. 






cm, , 

672 

607 

r>:n 

476 

454 | 


Below in the third lino is placed the radiation 
per day for one square centimetre at the 
temperature shown in the line above. If the 
solar heat wore strictly confined to the latitude 
belt in which it is received, that is, if there 
were no convection of heat by wind or water 
the equivalent radiative temperature of each 
belt would have to ho proportional to the 
fourth root of the number of gramme-calories 
assigned per sq. cm. to that particular belt. 
That is, the numbers in the first table should 
be pn >|>ortiorial to the corresponding radia- 


tion per sq. cm. shown in the second table. 
Tested by this criterion, the mean temperatures 
of the polar belts are distinctly too high, and If 
the solar heat received in any latitude were re- 
duced to allow for absorption and reflection the 
excess would be increased. It is also otherwise 
apparent that a large supply of heat must be 
carried from lower to higher latitudes by 
currents of air and water, but we cannot) use 
the figures given above to calculate the amount 
for two reasons. The amount of radiation 
from the earth and air to space in any locality 
does not depend only on the temperature of 
the earth’s surface in that locality, the 
temperature of the upper layers of air and the 
absorbing power of the air come into the 
account. Also the absorbing power of the 
air for radiation is different for different 
latitudes on account of the greater water 
contents of the atmosphere in the hotter 
regions of the earth, so that the amounts 
directly received by the earth in each lati- 
tude belt are in error if calculated upon the 
assumption, of a uniform absorption coefficient* 
However, the dependence of climate upon 
latitude, which means, of course, upon solar 
radiation, is one of the primary facts of 
human knowledge, and the figures quoted 
above show a certain proportionality between 
the fourth power of the mean temperature and 
the mean radiation received from the sun* 

The same rule holds for the change from 
winter to summer, but the three months of 
each season are hardly long enough for the 
temperature to adjust itself to the radiative 
conditions. This is notably the case near 
large bodies of water, and the western coasts 
both of Europe and America from 45° to 60° 
N. lat. owe their mild climate and their small 
change between summer and winter to the 
prevailing westerly winds and the large oceans 
to the West. w XT 


RADIATION, THE MEASUREMENT OF 
SOLAR, SKY, NO CTUENAL, AND 
STELLAR 

L Thu MEasuiu-mexx of Solar Eadtation 

§ ( X ) I n t n o r> XT o t o it y S t a t e ivt e n t. — The 
measurement of thermal radiation from the 
sun, and from celestial bodies in general, is a 
field which is quite undeveloped and the 
importance of which cannot be foretold. 
Animal and vegetable life exists primarily 
because of thermal and photoahoniieal activity 
induced by the radiations* emanating from a 
neighbouring nun. We are therefore vitally 
concerned with the question of the constancy 
of the radiation from our sun. A continual 
fluctuation in the cmissivity of the hu u is 
to bo expected, and, if the terrestrial atmo- 
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spheric transmission were more constant, this 
fluctuation in solar radiation could, no doubt, 
be recorded to the minute. But, limited as 
we are in our ability to eliminate the dis- 
turbing causes in making the measurements, 
perhaps the best that we can expect, for the 
present at least, is to record great fluctuations 
in the value of the solar constant of radiation 
and determine whether or not there is any 
regularity or periodicity in these fluctuations. 
This will establish a level of values, and our 
successors of one hundred or more years hence 
(if not at an earlier date, and if interested in 
the subject) will be able to determine to what 
extent, and in what spectral radiation qualities, 
solar radiation differs from that of the present. 

Measurements of stellar radiation show that 
red stars have a much greater emissivity (are 
losing heat faster) than stars of the solar type. 
It is therefore interesting to speculate on the 
terrestrial conditions that will ensue when 
(and if) the sun emits, relatively at least, more 
infra red and less visible radiation than obtains 
at present. 

In the meantime the observational data 
accumulated may perhaps be correlated and 
utilised (as, indeed, is already being attempted) 
in predicting conditions of the weather. 

§ (2) The Intensity of Solar Radiation 
at the Earth’s Surface. 1 — The solar radiation 
intensities mast commonly recorded in meteoro- 
logical journals generally pertain to a given 
station, for a given date. They are useful for 
purposes of comparison, and may be obtained 
by means of simple apparatus. 

One instrument frequently used for this 
purpose is the Angstrom (4) 2 compensated 
pyrheliometer. This device consists of two 
thin blackened manganin strips, the one of 
which is exposed to (and hence warmed by) 
solar radiation. The other strip is shielded 
from solar radiation and is heated electrically 
to the temperature of the exposed strip. 
Equality of temperature is determined by 
thermo junctions attached to the manganin 
strips and connected with a galvanometer. 
From a knowledge of the area exposed to 
radiation and the electrical data, the value of 
the solar radiation intensity is obtained in 
absolute value, which is usually expressed 
in gr. r cal. per cm. 2 per min. The Marvin 
pyrheliometer (9), which consists of a resistance 
thermometer and a heating coil embedded 
in a disc of silver, is used in a similar manner 
to measure solar radiation. 

A dynamic method of observing the intensity 
of solar radiation consists in noting the rate 
of rise in temperature of a mercury in glass 
thermometer, the bulb of which is embedded 
in a disc of copper or silver such as, for example, 

1 See also articles Radiation ” and t€ Radiant 
Heat and its Spectrum Distribution.” 

2 References are given in the Bibliography at end 
of text. 


the silver disc pyrheliometer described by 
Abbot (3, 5). A paper by Whipple (10) 
describes and gives illustrations of various 
types 3 of instruments for measuring solar 
radiation. Instructive and important data 
on solar radiation intensities are being ob- 
tained, and in concluding this part of the 
discussion it is of interest to note the great 
seasonal variability of the intensity of solar 
radiation. For the central latitude of the 
U.S.A. Kimball (28) shows that the maximum 
solar radiation at perpendicular incidence 
varies from 1*37 gram - calories per minute 
per square centimetre in January to 15 gram- 
calories in May and September. The total 
radiation on a horizontal surface, with a 
clear sky, varies from 0*77 gram-calories per 
minute in December to 1*55 gram-calories in 
June. Clouds nearly in line with the sun, but 
not obscuring it, increase the radiation by 
about 0-15 gram- calories. 

The use of daylight and artificial light is 
increasing in dye fading and other photo- 
chemical tests. In a recent investigation by 
Coblentz and Kahler (13) of th© component 
radiations from the sun and from a quartz- 
mercury vapour lamp, it was shown that there 
is no marked difference in the total ultra-violet 
radiation of wave - lengths less than about 
0*4 jjl from these two sources. However, the 
spectral quality of the ultra-violet (the energy 
distribution) is entirely different. The ultra- 
violet of the solar spectrum terminates at 
about 0-3 /x. On the other hand, in the quartz- 
mercury vapour lamp, the ultra-violet com- 
ponent of wave-lengths less than 03 g is about 
20 per cent of the total ultra-violet component 
radiation from this lamp. 

§ (3) The Solar Constant of Radiation. 
— By solar constant is meant the intensity 
of solar radiation (usually expressed in gr.- 
cal.-cm. - 2 , min." 1 ) in free space, at the earth’s 
mean solar distance. The determination of 
this constant involves ( a ) an accurate 
measurement of the solar radiation intensity 
at the earth’s surface, and ( b ) an accurate 
estimation of the losses in intensity suffered 
by the solar rays, in passing through the earth’s 
atmosphere. 

The first step in the determination of this 
constant is to measure the solar radiation 
intensity by means of the silver disc (3, 5) pyr- 
heliometer. This is a secondary instrument 
which was calibrated against a primary stand- 
ard water-flow instrument (viz., a water-flow 
calorimeter of special design). 

Simultaneously with the pyrheliometric 
measurements spectrobolometric energy curves 
are obtained of the sun. From these spectral 
energy curves of the sun at different altitudes 
the atmospheric transmission curve for all 

3 For an account of this see “Radiant Heat and 
its Spectrum Distribution/ * 
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wavelengths is determined ; and from these 
two sets of observations it is possible to com- 
pute the solar radiation as it would be outside 
the terrestrial atmosphere. 

This method of determining the solar con- 
stant of radiation was introduced by Langley, 
and the numerical values obtained therewith 
are perhaps the first to command the confi- 
dence of experimenters. The fault to be 
found with other determinations, which differ 
from each other by almost 100 per cent (16), 
no doubt lies in. an inaccurate estimate of the 
amount of solar radiation lost in passing 
through the terrestrial atmosphere. 

Recently Abbot (29) and his collaborators 
have worked out a new method of deter- 
mining the solar constant, based upon a rela- 
tion between measurements of sky brightness 
and the above-mentioned spectral transmis- 
sion coefficients. The sky owes its brightness 
to scattering of the solar rays by water vapour, 
etc. The more hazy the sky the greater is 
its brightness and the less is its atmospheric 
transmission. 

The measurement of the atmospheric trans- 
mission coefficients is a long tedious process. 
The measurements of sky brightness are very 
quickly made with a pyranometer (6). They 
were able to work out graphically a relation 
between the atmospheric transmission co- 
efficients and sky brightness, which appears to 
be valid at least for the Smithsonian Station 
at Calama, Peru, thereby greatly shortening 
the time of observing and calculating the 
results. All that appears necessary is to make 
simultaneous measurements of sky brightness 
and solar radiation intensities, and determine 
from the graph the corresponding trans- 
mission coefficients. 

The mean value of the solar constant of 
radiation for the epoch 1902-12 (696 obser- 
vations) is I -93 gr.-cal. (15° 0.) per cm. 2 per 
min. (loc. eit. 9 (II) p. 134). The value of the 
so-called u solar constant is in reality not 
a constant, but is subject to variation with 
sunspot activity, etc. Those fluctuations occur 
at irregular intervals and range over perhaps 
8 per cent. They are thought to indicate a 
true variability of the sun (16) (loc. tit. (3), 
p. 117). However, no definite periodicity in 
variation in solar radiation intensity has yet 
been observed (30, 23). 

§ (4) Tiie Tkmfeseatttbb or this Sun. — 
Various attempts have been made to obtain 
an estimate of the temperature of the effective 
radiating layer of the surface of the sun. The 
usual procedure is to apply the radiation laws 
of a perfect radiator, which of course cannot 
bo exactly true for the nun. 

According to these laws the energy radiated 
per unit area per second from the surface 
of a perfect radiator at absolute temperature 
T is equal to <rT 4 ergs. 


Wilson (20) compared directly the radiation 
from the sun with that of a black body at a 
known temperature, using Kurlbaum’s value 
of <x = 5-3 x 10” 5 erg. Assuming a zenith trans- 
mission at 71 per cent, he obtained a value of 
5500° C. for the temperature of the sun. 
Poynting (26) concluded that either Wilson’s 
estimate of zenith transmission is too high or 
Kurlbaum’s value of the coefficient of total 
radiation is too small. This is very inter- 
esting ; for recent work shows that Kurl- 
baum’s original value of <r = 5- 3 is about 7 per 
cent too low. 

The most recent value of the effective tem- 
perature of the sun’s radiating layer is by 
Abbot (23). It is based upon the distribution 
of energy in the spectrum of the sun, as it 
would be outside of the terrestrial atmosphere. 
After correcting the holographs for absorption 
by the spectrometer mirrors and the atmo- 
sphere, the wave-length of maximum spectral 
energy is at A W1 = 0-470 /n. On the basis of 
the Wien displacement law, using the most 
recent value of A=\ W T = 2885, the effective 
solar temperature is 6140° K., or about 
5870° C. (Abbot used the old value A = 2930 
and obtained 6230° It.) 

On the basis of the fourth power law of total 
radiation we find that, using the coefficient 
cr = 5*72 x I0" 5 erg. and the above-mentioned 
value of the solar constant (1-922), the com- 
puted effective solar temperature is about 
5740° It., or about 5470° 0, Iturlbaum (24) 
has made measurements with an optical pyre - 
meter, which yielded values of the order of 
5500° C. on the basis of 0 = 14600 (for a black 
body 0 = 14300, but is higher for a selective 
radiator like platinum). 

In view of the fact that the sun is highly 
selective in its spectral emission, these two 
methods of calculation must indicate tem- 
peratures which are lower than the true 
temperatures. The conclusion to be drawn 
is that the sun’s effective radiating layer is 
roughly comparable with that of a black body 
at about 6000° K., or about 5700° C. 

II. The Measurement or Sicv and 
Nocturnal Radiation 

§ (5) Radiation from the Earth. — Noc- 
turnal radiation is the expression commonly 
used for describing the loss of thermal radia- 
tion from terrestrial objects to space. The 
name no doubt had its origin from the early 
experiments on the cooling of objects, which is 
best observed at night. Being a low - tem- 
perature radiation, the wave-lengths most 
strongly omitted are in the region of the spec- 
trum greater than 8 g, In connection with the 
question of the incoming solar radiation it is 
interesting to note that the outgoing loss in 
nocturnal radiation may amount to 10 per 
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cent of the solar constant. The study of the 
heat interchanges between the earth and the 
sky requires radiometers of novel construc- 
tion and operation. 

§ (6) The Pyrgeometer. — Angstrom (7) has 
modified the original compensated pyrhelio- 
meter (4) by using polished and blackened 
strips of manganin. On exposure to space 
the dark strip cools more rapidly than the 
light strip, and by heating the dark strip 
electrically to the temperature of the bright 
strip a measure is obtained of the outgoing 
or nocturnal radiation. 

In a recent paper Angstrom (8) describes 
a new modification of the pyrgeometer for 
measuring sky radiation. In the new device 
one strip is covered with platinum black, the 
other is covered with magnesium oxide, which 
has a high diffuse reflecting power (31) for 
luminous rays and a low reflecting power for 
radiation of wave-lengths at 8 to 10 g. The two 
strips will therefore have practically the same 
emissivity when exposed to nocturnal radi- 
ation. However, as a mechanical protection, 
he covers the device with a hemispherical 
glass vessel. When exposed for measuring 
sky radiation (or solar radiation) the difference 
in emissivity for long wave-length radiation 
does not enter the measurements as it does in 
the Callendar (12) sunshine recorder and in 
the pyranometer (6), in which the heating or 
cooling of the glass cover may introduce errors 
from long-wave radiation. 

§ (7) The Pyranometer. — This instrument 
was devised by Abbot and Aldrich (6) for 
measuring sky radiation. The device consists 
essentially of two short strips of blackened 
manganin suitably mounted in the centre of 
a circular nickel-plated block of copper. One 
strip is ten times as thick as the other, and 
hence because of its greater thermal conduc- 
tivity on exposure to radiation the tempera- 
ture rise in the thick strip is less than in the 
thin strip. This is indicated by thermo - 
junctions attached to the hack of the strips 
and connected with a galvanometer. After 
a g ain shading the strips, the deflection, which 
was caused by the absorption of radiation, 
is reproduced by heating by means of an 
electric current which is divided between 
these two strips so as to produce equal 
heating effects in each. These receiving strips 
are covered with an optically figured, hollow, 
hemispherical screen of ultra violet crown 
glass which admits direct or scattered solar 
radiation but which prevents the exchange 
of long wave-length radiation between the 
manganin. strips and the sky. On removal 
of the glass cover the instrument is useful at 
night for measuring the outgoing or so-called 
nocturnal radiation. 

§ (8) Eesttlts op the Measurements. — 
Interesting and important data have been 


obtained with these instruments, although the 
subject is comparatively new. In the dis- 
cussion of the solar constant of radiation atten- 
tion was called to use of measurements of sky 
radiation (29) in determining the transmission 
coefficient of the atmosphere. 

(i.) The Cloud Effect . — The blanket effect of 
clouds in preventing nocturnal radiation from 
the earth is a common observance. Because 
of this effect, Humphreys (38) arrives at the 
conclusion that the intensity of the earth’s 
outgoing radiation is much greater in middle 
latitudes than it is in equatorial regions. The 
extraordinary effects that result from nocturnal 
radiation are well illustrated in the book of 
investigations by Barnes (36) on ice formation, 
in which it is shown that the “ anchor ice ” 
formed at the bottom of the St. Lawrence 
river is owing to cooling by radiation. 

(ii.) Humidity Effects . — Interesting data on 
nocturnal radiation as affected by atmospheric 
humidity are given by Angstrom (32). In a 
recent paper by Boutaric (37) it is shown that 
the intensity of nocturnal radiation may be 
expressed as a function of the absolute tem- 
perature of a black radiating surface and the 
vapour pressure in its immediate vicinity. 
The application of such data to horticultural 
problems is well illustrated in an interesting 
paper by Kimball (39), in which it is shown 
that the nocturnal or outgoing radiation from 
the pyrgeometer at 20° C. increased from about 
0-13 gr. cal. for a vapour-pressure of 12 mm., 
to 023 gr. cal. per cm. 3 per min. for a 2 mm. 
vapour-pressure. 

III. The Measurement op Stellar 
Radiation 

§ (9) Methods and Results. — Numerous 
attempts have been made to measure the 
radiation from stars. One method of attack- 
ing the problem is by means of photoelectric 
photometry. The instruments and methods 
for this type of (selective) radiometry have 
been developed principally by Stebbins (40), 
who has been very successful in obtaining 
important data on the change in brightness of 
variable stars. By this means lie has added 
important data to the subject of variable 
stars. In his earliest work he used a selenium 
photometer, and in his most recent work 
has used a potassium hydride photoelectric 
cell. 

The second method of attack is by means 
of thermal radiometry with non - selective 
receivers. The most recent attempt, by 
Coblentz (43), using thermocouples, has yielded 
some interesting results. Measurements were 
made on 112 celestial objects. It was found 
that red stars emit from two or three times 
as much total radiation as blue stars of the 
same visual photometric magnitude. Measure- 
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m.ents made through a cell of water showed 
that of the total radiation emitted the blue 
stars have about two times as much, visible 
radiation as the yellow stars and about three 
times as much visible radiation as the red stars. 
The absolute value of the total radiation, re- 
ceived from all the stars is estimated at less 
than 2 x I0" 8 gr. cab per cm. 2 per minute. 
From this it appeal's that if the total radiation 
from all the stars, incident upon 1 cm. 2 , were 
collected and conserved, it would require from 
100 to 200 years to raise the temperature of 
1 gr. of water 1° C., whereas the solar rays, 
which reach the earth’s surface, can produce 
the same effect in about 1 minute. 
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Radiation, Sol.au, instruments for measure- 
ment of : 

Black-bulb in vacuo. See ic Meteorological 
Instruments/’ § (27). 

Caliendar radiation recorder. See ibid. 

§ ( 31 ). 

Pyrheliometers (Abbot’s, Angstrom’s, 
Micholson’s, and silver-disc). See ibid. 
§§ (28)-(30). See also “ Radiant Heat 
and its Spectrum Distribution.” 

Radiation in the Atmosphere. See <c Atmo- 
sphere, Physics of,” § (6) (iii). 

Absorption of. See Atmosphere, Thermo- 
dynamics of the,” § (10). 

Analysis of, into short and long wave. See 
ibid. § (10). 

Balance of solar and terrestrial. See ibid, 

§ ( 11 ). 

Loss of heat by. See ibid. § (24-). 

Outflow of, from the earth. Sec ibid. § (12). 
Relation of distribution of temperature to. 
See ibid. §§ (11), (12). 

Radiation prom tub Sky : measurement 
of, by Ether differential radiometer. See 
u Meteorological Instruments,” § (32). 

Radiative Equilibrium in the Atmosphere, 
variation of temperature with height in. 
See u A tmosph ere, Thermodynamics of 
the ” §§ (11), (12), Fig. 14. 

Radio Balance, O allknt) au’s. See “ Radiant 
Heat and its Spectrum Distribution,” § (17). 

Radio Int dura toil See u Radiant Heat and 
its Speet nun Distribution,” § (10). 

Radiometer, I>in eh’, ether differential. See 
“ Meteorological Instruments,” § (B2). 
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RADIO-MICROMETER AND SOME OTHER 
INSTRUMENTS DEPENDING UPON 
QUARTZ FIBRES 


§ (1) The Instrument. — The radio-micro- 
meter 1 is an instrument designed and con- 
structed by the writer for measuring minute 
amounts of radiation as heat, and its special 
feature, besides great delicacy, is its freedom 
from disturbance by adventitious heat or by 
magnetic changes outside. Its disadvantage 
is the necessity for a quiet and level support, 
so that it cannot be moved to follow a source 
of radiation except slowly in azimuth. Its 
extreme delicacy of construction requires more 
than ordinary skill on the part of the user. 

It consists of a thermoelectric circuit- 
suspended in a fairly strong and uniform 
magnetic field due to a permanent magnet. 
The circuit is composed of two extremely 
delicate thermoelectric bars soldered to a 
heat-receiving disc or strip of two or three 
square millimetres at one end and to a single 
long narrow loop of highly conducting copper 
or silver wire at the other end ; the circuit 
so formed is a/ttaehed to the end of a capillary 
tube of glass carrying a mirror, and the 
whole is supported by a delicate quartz fibre. 
As the thermoelectric bars may have magnetic 
properties, they are screened from the magnet 
as far as possible by being surrounded by a 
mass of soft iron not less than 5 millimetres 
distant from the magnet and contained within 
an exterior block of brass. The figure shows 
two vertical sections through the axis of the 




circuit, one horizontal section through the 
middle of the loop and one through the mirror, 
from which all that is essential will be made clear. 

Theoretical considerations show that if 
magnetic damping and Peltier effect are 
overlooked, the best proportions are found 
when both the resistance and moment of 
inertia of the loop are equal to the correspond- 
ing values of the thermoelectric bars, and 
that the stronger the field the greater the 
sensitivity. As, however, the field of a 

1 Roy , Soc , Phil . Trans . A, 1889, clxxx. 159. 


permanent magnet concentrated by pole 
pieces is already more than strong enough 
to impose dead - beat conditions, a weaker 
and more extended field is necessary ; for 
this reason, and because heat is transferred 
from the hot junction to the two cold ones 
by the thermoelectric current, the reduction 
of electric resistance to the uttermost is not 
of such importance as it otherwise would 
be. On the other hand, the extreme fineness 
of the bars is essential in order that they may 
not conduct heat from the hot to the cold 
junctions, and the tenuity of these and of the 
receiving surface is necessary in order that 
the final temperature may be reached in a 
few seconds. Antimony and bismuth arq 
generally taken as the typical metals at the 
two ends of the thermoelectric scale, but 
these are not so good as certain alloys, which 
not only have more thermoelectric power, 
but are more fusible than antimony, and when 
the necessary skill for soldering these has been 
acquired are generally preferable. The follow- 
ing alloys have been used by the writer: To 
replace bismuth, 10 of Bi to 1 of Sb ; another, 
32 of Bi to 1 of Sb ; this last is better than 
Bi as 10 is to 9. To replace antimony, 14 of Bi 
to I of Sn ; 12 of Bi to 1 of Sn ; 15 of Sb to 
14 of Cd ; in this last case electrolytic anti- 
mony was used, but care must be taken in 
handling this when fresh on account of its 
almost explosive change of state. There 
seems to be no assignable reason for the 
remarkable thermoelectric changes induced 
in metals by alloying them, and it is to be 
expected that further investigations, especially 
as so many more metals are now available, 
would lead to the discovery of more suitable 
metals or alloys. Thermoelectric power is 
desirable, but if ductility and less fusibility 
could be attained these would enable finer 
elements to be used and so counteract some- 
what less thermoelectric power. Conductivity 
for heat is undesirable, and if this should be 
low it would be a gain more than setting off 
the almost inevitable low electric conductivity, 
as the circuit might then be used in a stronger 
magnetic field. 

The process of constructing 2 the very small 
bars used by the writer is as follows : Two 
microscope glass slides are smoked and a 
fragment of the alloy is placed between the 
smoked surfaces with the upper plate lying 
loosely upon it. Two slips of microscope cover- 
glass of the thickness desired for the bars 
are cut from the usual discs by means of a 
writing (not a glazier’s) diamond, and these 
are laid on the lower slide on either side of 
the fragment of metal. Then heat is gently 
applied from below, most conveniently by a 
small flame, and one or more interposed 

See also Witt, Phys . Zeit., 1920, xxi. 374, , and 
Pros. R . Soc, A, 1922, cii. 48. 
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sheets of wire gauze. When the metal melts 
a warm weight is placed upon, the upper 
glass to squeeze out the liquid metal, which 
in this way is made to spread out into an 
irregular disc of the size of a sixpence or 
shilling and of the thickness of the cover-glass 
slips. When all is cold the metal may be 
separated from the smoked mould and is 
ready for being cut into bars. For this purpose 
it should be laid upon a piece of plate glass 
and a sharp chisel or knife should be firmly 
and evenly pressed upon the metal to sever 
the whole width at once. Then successively 
a number of bars, much longer than will be 
required, can be cut of a width of half a 
millimetre or even less. These are similarly cut 
to the length desired, e.g. 5 to 8 millimetres. 
In order to make the circuit, a perfectly 
smooth hardwood board is used, on which 
the outline of the circuit should be drawn. 
A typical circuit would have a receiving 
surface of thin copper foil only one millimetre 
in diameter or square, if for receiving focussed 
heat as from a star, or two, or even three 
millimetres in diameter for a more diffused 
source, or perhaps 5x1 or 5 x millimetre 
if for focussed spectrum lines. This piece 
of copper cut from freshly scrubbed foil is 
laid upon the board where drawn and held 
down by a narrow strip of paper secured 
by pins or little weights. Then the two bars 
are laid side by side so as just to overlap the 
copper and as close together as possible, and 
these are similarly held in position. Then 
the loop of copper or silver wire of high 
conductivity and made from wire of No. 36 
to i() 8. W.(4., or } to l millimetre in diameter, 
of the form shown in the drawing, is laid so 
as j ust to overlap the ends of the bars, and a 
tag of wire is hooked round, the loop at the 
far end. These also are similarly held in 
place. Convenient dimensions for the bars 
are : length 5 to 8, width | to thickness tV 
millimetre ; for the conducting loop a rect- 
angle 25 x 3 millimetres. Soldering these 
things together is an art requiring some 
practice as well as skill, for, even using one of 
the fusible metals as solder, there is danger 
that one of the bars will be caught up by 
capillary forces and vanish instantly in the 
solder on the bit. The method that has been 
found to succeed is one in which a soldering- 
bit is used made of copper wire 1| to L| milli- 
metres in diameter wound near the point 
into two close convolutions so as to act as a 
heat reservoir, and then projecting 6 to 8 
millimetres and filed to a point, and all held 
in a wooden handle. Such a bit can be heated 
in a bunsen or spirit lamp flame in a few 
seconds, and a well-directed touch at the 
right spot made under observation by a lens 
will effect a perfect soldering with an almost 
inli mtosmml amount of solder. One milli- 


gramme should suffice for all five solderings. 
Each junction should be moistened with a 
solution of chloride of zinc before soldering, 
and the point of the bit should be frequently 
dipped in the solution. Before trying to 
remove the circuit it must be tested by a light 
touch with a camePs-hair brush to see if it 
is accidentally stuck to the wood at any 
point, when moisture applied with the brush 
will probably free it. The circuit must- then 
be lifted by inserting a hook under the loop 
and lifting the board until the loop is hang- 
ing free. It should then be dipped in very 
hot water to clean off chloride of zinc, A 
tender circuit may be broken by capillary 
forces if dipped in cold water. When the 
circuit is dry a piece of capillary glass tube is 
fastened to the copper tag with shellac varnish 
or, better, with melted shellac and made to 
take a truly axial position, and the copper disc 
is given a thin coat of black varnish on its 
front face only. Then a mirror should be 
attached to the glass at the proper place to 
suit the window. It is much more convenient 
to have the mirror and circuit in one plane, 
but it may be necessary for other reasons to 
set the mirror in a position perpendicular to 
the plane of the circuit. These little mirrors 
are best made as follows. Find the thinnest 
dozen out of a box of cover glasses all of one 
diameter by dealing them like a pack of cards 
on to a table. The musical clink at once 
indicates the thickness, and those that give 
the lowest note are set apart. These are then 
examined for form by looking at a straight 
and distant window bar by very oblique reflec- 
tion in the glasses laid one at a time on a 
support at arm’s length from, the eye. Those 
that give an undistorted reflection are retained 
and the rest are best destroyed. The selected 
glasses are then silvered in the usual way, 
and, when washed and dried, varnished with 
lacquer. From the silvered discs so prepared 
small mirrors about 3 millimetres square are 
cut with a writing diamond. One of these is 
attached to the glass with a speck of melted 
shellac or of shellac varnish. The melted 
shellac at one point only is best. If the shellac 
extends over the contiguous surfaces it is 
certain to bond the mirror and give a double 
image. Mirrors made as described are ex- 
ceedingly light, and they give with, sufficient 
illumination an image so sharp that it can 
be read to T V millimetre on a scale at a metre 
distance. Being plane the focussing has to 
be done by a lens. Instead of the usual method 
of a lens near the lamp and scale, the writer 
has generally used a plano-convex spectacle 
lens of about one metro focal length cut 
down to the required diameter and cemented 
by its plane face to the opening of the window, 
which is also ground flat. With such an 
arrangement the scale and wire are both at 

3 A 


VOL. HE 



722 


RADIO-MICROMETER AND SOME OTHER INSTRUMENTS 


the principal focus of the lens* through which 
the light passes twice* just before and just 
after reflection from the mirror. The image 
of the wire on the scale is then as fine as the 
wire itself, but, what is more important, the 
plane face of the lens also reflects some light 
which forms an image of the wire on the scale, 
and this serves as a datum line from which 
to measure the deviations of the mirror 
image, a datum which belongs to the instru- 
ment and is not affected by accidental move- 
ments of instrument or scale. A suitable 
diameter of quartz fibre {q.v.) for a radio- 
micrometer circuit such as is described is from 
to rrmr inch, or about millimetre. 
The period of oscillation away from the 
magnet should be from 5 to 10 seconds, and 
the magnetic field should be so adjusted 
with movable pole pieces or sliding keeper 
that the circuit is very nearly, but not quite, 
dead-beat. When exposed suddenly to radia- 
tion then there is a first defined elongation 
requiring 2 or 3 seconds, and which for com- 
parative purposes may he read and used as 
a measure of the radiation. The ultimate 
steady deflection will be greater to a trifling 
extent. The sensibility of different circuits 
naturally differ, and if any of the material 
is magnetic- — quite a possible event — the 
magnetic control will spoil the delicacy. A 
circuit made by the writer for Mr. E. Wilson 
for his measures on a very magnified solar 
image gave a deflection of 80 millimetres 
when exposed to a candle flame at a distance 
of nearly 2 metres. The copper disc was 2 
millimetres in diameter. 

The tube within which the capillary glass 
tube and mirror and quartz fibre are suspended 
is made of glass, and the window opening is 
blown with a welt and ground flat. The whole 
instrument should be contained within an 
exterior casing of thick wood to protect it 
from stray radiation, and the light for the 
mirror should be allowed to enter and leave 
by a narrow slit in a sort of wooden chimney 
tube containing the glass tube. There must be 
no metallic connection with the outer world. 

§ (2) Applications of the Instrument. — 
The writer combined a radio -micrometer with 
a reflecting telescope 1 of nearly 16 inches 
aperture (40 centimetres), with a special 
altazimuth mounting designed for the purpose, 
in order to investigate the radiation from the 
moon, planets, and stars. Two observers, 
using a thermopile and galvanometer and work- 
ing independently, believed that they had 
found surprisingly large amounts of radiation 
from the brighter stars. The delicacy of the 
new combination was tested by the use of a 
candle flame or person’s face at a distance 
of 216 metres on which the telescope was 

1 Roy. Soc. Proc„ April 1890 ; see also English 
Mechanic , Feb. 28, 1917, p. 87. 


focussed. The circuit was made with bars 
of RiSb 10 : 1 and BiSn 14 : 1. A more deli- 
cate circuit with the SbCd alloy was not 
tested in this way. These observations were 
made by the late Dr. W. Watson, F.R.S., and 
the writer. The candle flame gave a deflection 
repeated 20 times of from 60 to 80 millimetres. 
Dr. Watson’s face gave only 25 or 26 milli- 
metres, the background being a handkerchief 
on a frame. Erom the candle figures it will 
be seen that a candle flame at a distance of 
from 3 to 3§ miles (5 to 6 kilometres) would, 
in a perfectly transparent air, have given a 
deflection of T \ millimetre. Mercury, observed 
on throe days, Venus, Mars, Jupiter, and 
Saturn, and all the brighter stars and some 
nebulae visible in this latitude failed to give 
any deflection. Arcturus, examined on the 
meridian on nights of perfect quiet, did not 
give a movement of ^ millimetre, and so 
certainly did not send the heat of a candle 
three miles away. The moon was so violent 
that it was necessary to stop the telescope 
down to 6 inches to keep the deflection on 
the scale. As is to be expected, that part of 
the moon on which the sun is vertical, whether 
it is in the middle as in the full moon or limb 
with a half moon, sends most heat, and this 
falls as the solar altitude falls to nothing at 
the terminator. In the case of the full moon 
the curve is, as nearly as could be ascertained, 
symmetrical, i.e. the lunar surface acquires 
its temperature so quickly that there is no 
effect of storing heat. The west side sends 
no more heat than the east. 

Referring to the figures again, it will be seen 
that there is a glass window on one side of the 
brass block, but that at the other side the disc 
of the circuit is exposed naked to the radiation 
indicated by an arrow. The glass window is 
to enable the observer, by the aid also of a 
reflecting prism or mirror and long eyepiece, 
to observe the receiving disc and watch the 
passage of a star image or of a spectrum line 
or other object to be examined. The dark 
heat from the eye is absolutely cut off even by 
the thinnest film of glass. On the other side, 
no window- except one of rock salt or sylvine 
would be of any use, as the greater part of the 
dark heat would be cut off. Draughts, how- 
ever, must be excluded, and this is done by 
the use of a substantial paper tube (a firework 
case) with a series of diaphragms of diminish - 
ing size to receive the converging beam of 
focussed radiation. Draughts are baffled by 
such an arrangement, and this, together 
with the telescope tube, made it possible to 
use the instrument in the open air on quiet 
nights. 

§ (3) Developments. — C oblentz has de- 
veloped the radio-micrometer 2 by using a 
rock salt window and a good vacuum instead 
2 Carnegie Inst , Publication 65, Appendix iv. 
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of air within. He states that he lias so 
made it considerably more delicate than those 
made by the writer. 

The manipulative difficulties of soldering 
the fine junctions may very probably be 
greatly reduced by the use of a hot pencil 
given to the writer by Dr. Carl Benedicks of 
Stockholm. This is a gas burner in which the 
flame is formed at the end of a capillary tube 
of melted quartz. The gas may then be 
turned down, gradually by means of a micro- 
meter needle valve until the flame, if it exists 
at all, is of the size of a pin’s point, and the 
only evidence of its existence is the red-hot 
end of the tube on the surface of which the 
combustion probably takes place. When so 
burning the gas is being consumed at the 
surprisingly large rate of 1 cubic foot in 5 
days or thereabouts. Such a hot point would 
provide almost certainly the most convenient 
means of applying the necessary small amount 
of localised heat for soldering the junctions, 
and the solder would be in the form of small 
pieces cut from foil. In making fusible solder 
for these delicate solderings it is not necessary 
to prepare fusible metal according to the 
well-known proportions ; a little bismuth and 
tinman’s solder made of tin 2 parts, lead 
1 part melted together docs very well. 

§ (4) The Ton o-miceometer. — The radio- 
micrometer for its development required a 
suspension fibre of unknown delicacy and 
perfection, and this led to the discovery 
of the quartz fibre. The telescope radio - 
micrometer combination by a curious acci- 
dent gave rise to an instrument constructed by 
the writer for detecting the faintest musical 
sound of the pitch to which it is tuned. 
When calling to the observer at 236 yards, the 
radio-micrometer at times made violent deflec- 
tions, and this was found to occur when a 
certain note was sounded. The telescope tube 
acted as a resonator to the tone, this being 
the fifth of the octave of its fundamental note, 
and the node one-third down the tube was 
close to the horizontal axis. The changes of 
pressure then set up alternating air movements 
past the copper disc and in and out of tho glass 
tube, and these acted on the disc, tending to 
set it into the position of greatest opjioaition. 
A large resonator was accordingly made with 
a small opening at the node loading to a 
small resonator, each tuned to the same note. 
A radio-micrometer mirror was suspended in 
the neck at an angle of 45° to the direction of 
air movement, and a window was put in the 
neck ho that a beam of light could enter tho 
instrument and leave at right angles to tho 
direction of entry. Such an instrument 1 will 
respond to the note to which it is tuned. 
The late Lord Rayleigh had previously made 
an instrument, but without the d oublo 
1 Proa. IlotJ* >S'uc. A, ei. JUKI. 


resonator, 2 but he showed later 3 that tlie 
double resonator, also employed by Professor 
Callendar, should give an improved effect. 
The following figtires relating to the suspension 
are of interest as showing the very small 
forces that are easily under control : 

Moment 

Weiorlit. Cm. of Inertia. Period. 

C.G.S, 

Glass tube . *000 gram *1 diameter *000022 \ 

Mirror . „ *0035 ,, *4 square *0000 44/ 

•000066 

From these figures it will be found that the 
couple needed to give a deflection of 1 milli- 
metre on a scale 1 metre distance is -000,000,0 13 
C.G-.S. unit, or in gravitation, and English 
measure a couple of 1/13,000,000,000 grain at 
1 inch. A quartz fibre 10 centimetres long 
and -0002G centimetre, or r^ii'trar inch, in 
diameter gave this result, and such a fibre will 
carry safely fifty times the load given above. 

§ (5) The Pocket Electrometer. — The 
pocket electrometer 4 is an instrument, made 
by tho writer, depending on the quartz fibre, 
and is unlike other electrometers in that it 
can be carried in the pocket and set down 
anywhere and at any time, and when levelled 
the needle is found charged and it will respond 
to an E.M.F. of 1 /100 volt. This instrument, 
made in 1891, is still, after thirty years, in per- 
fect order. The needle being a disc can have 
no disturbing edge actions between it and the 
quadrants. The disc is made of foil 1 centi- 
metre in diameter, and alternate quadrants are 
platinum and zinc soldered together ; it is 
suspended by a fine quartz fibre within quad- 
rants with a clearance of about 1 millimetre. 
A short, fine wire axis between the disc and 
fibre carries a radio-micrometer mirror, and tho 
period is 40 seconds. The air resistance duo 
to the stationary quadrants makes it nearly 
dead-beat. Instead of the usual high potential 
of a highly charged needle the effective poten- 
tial is always about -8 volt, the contact potential 
of platinum and zinc. It is immaterial for 
tho purpose of the instrument whether this 
is in tho metal itself or in tho air only on the 
surface of the metal. If V 3 and V s are tho 
potentials of the pairs of fixed quadrants and 
?q and v., the corresponding effective potentials 
of tho platinum and zinc, the couple will 
vary as- (V x - V s )(«q -i\), and tho sensibility 
usually attained by high, potential in this 
instrument depends upon the delicacy of the 
quartz fibre and freedom from systematic 
disturbance. <j. y, 

RADIO- M 1C ROM KTI5R, IloYs’, AS ATOLIKO TO 

Solar M kahituemknts. See “ Radiant 
Meat and its Spectrum Distribution,’ * 
§ ( 20 ). 

Nichol’s. See ibid. § (21). 

a Phil. A tug., 1 SSt!, xiv. :i Jhixt., I 018, xxxvi. 

1 The Electrician, 181)1. 
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Rain : 

Electric charge on. See “Atmosphere, 
Physics of,” § (22). Also “ Atmospheric 
Electricity,” §§ (22), (24) (iv.). 

Equations for formation of, in adiabatic 
conditions. See “ Atmosphere, Thermo- 
dynamics of the,” § (21). 

“ Equivalent ” fall measured by observa- 
tions of intensity of sunlight. See 
“Meteorological Optics,” § (16) (i.) and 
(iii. ). 

Opacity of. See ibid. § (16) (ii.). 

Rainbow : 

Effect of size of drops on colours of. See 
“ Meteorological Optics,” § (14). 
Explanation on undulatory theory of light. 
See ibid. § (14). 

Older theories of. See ibid. § (14). 
Rainfall : 

Distribution of, over the 1ST. hemisphere 
in July. See “ Atmosphere, Thermo- 
dynamics of the,” § (3) and Fig. 6. 
Energy of. See ibid. § ( 2). 

Rain-gauges : 

Exposure of. See “ Meteorological Instru- 
ments,” § (13). 

Obsolete types. See ibid. § (12). 
Self-recording : 

Balance-gauges (Casella and Beckley). 
See ibid. § (14) (iii.). 

Eloat-gauges (Dines, Fernley, and hyeto- 
graph). See ibid. § (14) (ii.). 

Tilting -bucket gauges. See ibid. § (14) (i.). 
Standard “ Snowdon ” type. See ibid. § (10). 

Rain Measure. See “ Meteorological Instru- 
ments,” § (11). 

Range - rinding by Depression Range- 
finder. See “ Trigonometrical Heights,” 
§ ( 8 ). 

Reflection in the Atmosphere, Phenomena 
due to. See “ Meteorological Optics,” § (22). 
Refraction : 

Astronomical formula for. See “ Meteoro- 
logical Optics,’ ’ § (4). 

Atmospherical. See ibid. § (3). 


Errors caused in surveying. See ibid. § (7). 
Green ray at sunrise and sunset. See ibid. 
§ ( 6 ). 

Refraction, Effect of, on Survey Work, 
exact theory of. See “ Trigonometrical 
Heights,” § (3). 

Formula representing normal conditions. 
See ibid. § (5). 

General account of. See ibid. §§ (1) and (2). 

Refraction in the Atmosphere, pheno- 
mena due to. See “ Meteorological Optics,” 
§§ (20), (21). 

RE GN AULT : 

Dew-point hygrometer. See “ Humidity,” 
II. §§ (1), (2). 

Formulae for hygrometry. See ibid. II. 

§ (4) (ii.). 

Verification of Dalton’s law. See ibid. I. 

Relative Humidity. The ratio of the 
amount of water - vapour present in any 
specimen of air to the maximum amount 
the air could contain at the same tempera- 
ture ; relative humidity may be measured 
by the ratio of the pressure exerted by the 
water-vapour to the saturation pressure for 
the same temperature. See “ Humidity,” I. 

Resilience of the Atmosphere. See “ At- 
mosphere, Thermodynamics of the,” § (14). 

Reversible Changes of Nickel - steel 
Alloys. See “ Line Standards,” § (4) (ii.), 
(iv.), (v.). 

Rigidity of Apparatus and Foundations, 
as required for metrological work. See 
“Metrology,” II. § (5) (vii.). 

Roberval Balance. See “ Weighing 
Machines,” § (3). 

Robinson Cup- anemometer. See “ Anemo- 
meters.” 

Root of Screw Thread : definition. See 
“ Metrology,” VII. § (23) (i.). 

Rotation of the Earth, effect of, on motion 
of air. See “ Atmosphere, Physics of,” 
§ ( 8 ). 



Sacciiaromceter, the Balling-Brix, gradu- 
ated to show directly the percentage of 
sugar by weight. See “ Saccharometry ” 
.§ ( 8 )- 

SACCHAROMETRY 

§ (1) Introduction. — Rapid methods of find- 
ing the proportion of sugar in solutions of this 
substance are essential in the sugar factory, 
and are often convenient elsewhere. With 
solutions of pure sugar the determination of the 
specific gravity gives the required result easily 


and quickly, by reference to tables which have 
been constructed for this purpose. On account 
of the importance of this determination, both 
in the factory and in the laboratory, a great 
amount of labour has been devoted to develop- 
ing the method and obtaining the req uisi te data. 

Many of the liquids dealt with in the sugar 
factory, however, are not solutions of pure 
sugar. They contain various other matters, 
organic and inorganic, sometimes in consider- 
able proportion. Hence the determination of 
the specific gravity does not, in these instances, 
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give the true sugar content. Moreover, since 
these c< non-sugars ” have not the same effect 
upon the specific gravity of the liquid as the 
same quantity of sugar has, the determination 
does not give even the total quantity of solid 
matters with accuracy, but only to a more or 
less close approximation. 

Nevertheless, the specific gravity is of great 
importance, in technical practice, for estab- 
lishing the quotient of purity” of these 
impure sugar solutions. This quotient (or 
“ coefficient,” as it is also termed) is the 
percentage of sugar contained in the total 
solid matter. It is necessary to distinguish 
between, the “ true ” and the 4 4 apparent ” i 
value of the quotient* The former is defined 
as the percentage of real sucrose in the total 
solid matter as determined by the method of 
actual drying and weighing. But to ascertain 
the cc true ” quotient of purity involves two 
rather troublesome and lengthy analytical de- 
terminations ; hence in practice it is customary 
to be content with the cc apparent ” quotient. 
In obtaining this, the sugar, determined from 
the rotation of the plane of polarisation, is 
calculated as a percentage of the apparent 
solids ascertained from the specific gravity, or 
by other indirect means. That is, two rela- 
tively easy and rapid operations, neither of 
which gives strictly accurate results, are sub- 
stituted for the more lengthy processes in- 
volved in ascertaining the tc true ” quotient, 
partly because of the saving of time secured, 
and partly because the data obtained, whilst 
adrni ttedly approximations, are sufficiently 
correct for the technical purposes in view. 
Moreover, a certain correlation exists between 
the 46 true ” and the “ apparent ” quotients of 
purity. The fact is that the nature of the 
non-sugars remains practically the same 
throughout a season’s operations, so that the 
“true” quotient, determined once or occa- 
sionally, serves to fix its relation to the 
apparent coefficient for the duration of the 
“ campaign ” at any particular factory. 

Another point may be mentioned here. In 
practice, mixtures of various sugars are met 
with. It happens, however, that the principal 
one, sucrose, has a specific gravity differing 
but little from that of the others in solutions 
having the same concentration. Thus at 
20°/4° C., solutions containing 10 per cent of 
the following sugars have the specific gravities 
shown : Arabinose 1*0379, fructose 1-0385, 
galactose 1*0379, glucose 1*0381, lactose 1*0370, 
maltose 1*038(5, raffinose 1*0375, sorbose 1*0381, 
and sucrose 1-0381. Hence if accurate tables 
of specific gravity values are constructed, for 
sucrose, they may be used also for the others, 
or for mixtures of various sugars. Whilst not 
theoretically correct, the results are sufficiently 
accurate for practical purposes. In what 
follows, therefore, “ sugar” always means the 


particular sugar sucrose, unless the contrary 
is stated or obviously implied by the context. 

§ (2) Uhits of 'Volt tme, — T he standard unit 
of volume is the volume occupied by a mass 
of 1 gram of water at its temperature of 
maximum, density, viz. 4° C,, i.e. the unit 
adopted is the millilitre. 3 * The standard tem- 
perature recommended for sugar work is 20° C., 
and at this temperature 1 ml. of water weighs 
0*99718 gram against brass weights in air at 
20° C. and 760 mm. pressure. 

The “Mohr cubic centimetre” has been 
much, used in. the past in. sugar analysis. The 
volume of a £ * Mohr’s cubic centimetre ” varies 
according to the temperature at which it 
is defined. The temperature 17*5° Cb was 
commonly used, and for this temperature 
“Mohr’s cubic centimetre” is the volume 
occupied at 17*5° C. by a quantity of water 
which weighs 1 gram against brass weights in 
air. This unit of volume is equivalent to 
1-00235 ml. or 1-00238 c.c. 

§ (3) Contraction - m Volume or Stjuab 
Solutions. — Just as in the well-known case of 
alcohol and water, when sugar and water are 
mixed the volume of the resulting solution is 
less than the sum of the volumes of the sugar 
and water taken separately. Taking, for in- 
stance, a solution of sugar containing 20 grams 
of sucrose per 100 c.c., its density at 15°/4° C. - 
is 1*07608. A litre of this solution weighing 
(in vacuo) 1076*08 grams contains 200 grams 
of sugar and 876-08 grams of water. The 
specific gravity of sugar at 15° being 1*588, 
the volume of the 200 grams is 200/1*588 = 
125*94 c.c., and the volume of the water at 
this temperature is 876*08 x 1*00087= 876*84 
c.c. Hence the sum of the two separate 
volumes, 1002*78 c.c., exceeds the volume of 
the mixture, 1000 c.c., by 2*78 c.c,» and there 
has thus been a contraction in the aqueous 
solution of this amount, equivalent to 0*278 
per cent. 

The maximum amount of contraction occurs 
in sugar solutions of strength about 38 to 46 
per cent by weight, as is shown in Table I., 
calculated by Sidersky from determinations 
made by Plato. 

A glance at the table will show that the 
apparent density of sugar i n solution, high at 
small concentrations, gradually decreases until, 
in saturated solutions, it approximates to that 
of crystallised sugar (1*5879). But the values 
expressing contraction of volume increase with 
the concentration up to a maximum value of 
0*47 per cent, remain constant fora time, and 
then decrease. 

1 This unit of volume Is often erroneously railed 
a. cubic centimetre. The cubic centimetre is, however, 
the volume of a cube, earh of whose edges is 1 cm. 
in length ami the accepted relation between the 
millilitre and the cubic centimetre is 
1 ml. = 1*900027 c.c. 

(See Volume, Measurements of/’ § (1).> 
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Table I 

Densities and Contractions of Sugar Solutions 
(Deduced from densities found by Plato) 


Sugar, grams. 

Density 

at 

15°/4° C. 

Density of 
Sugar in 
Solution. 

Contraction. 
Per cent by 
Volume. 

Per 

100 c.e. 

Per 

100 grms. 

5 

4*91 

1-01844 

1*629 

0*08 

10 

9-64 

1-03777 

1*628 

0*16 

15 

14-19 

1*05694 

1-627 

0-23 

20 

18*59 

1*07608 

1*625 

0*28 

25 

22*83 

1-09511 

1*623 

0-34 

30 

26*93 

1*11407 

1*622 

0*39 

35 

30*90 

1*13298 

1*620 

0*43 

40 

34*73 

1*15173 

1*617 

0*45 

45 

38*45 

1*17043 

1*615 

0*47 

50 

42*06 

1*18906 

1*612 

0*47 

55 

45*57 

1*20763 

1*609 

0*47 

60 

48*96 

1*22601 

1*607 

0*45 

65 

52*26 

1*24429 

1*605 

0*42 

70 

55*48 

1*26255 

1*602 

0*39 

75 

58*60 

1*28063 

1*600 

0-34 

80 

61*64 

1*29871 

1*597 

0*29 

85 

64*59 

1*31633 

1*594 

0*23 

90 

67*48 

1*33406 

1*591 

0*11 


The same phenomenon of contraction occurs, 
though to a smaller degree, when a strong 
sugar solution is mixed with a weaker one, or 
with water. 

Various estimations of the amount of con- 
traction have been given, as follows : 


Observer. 

Sugar. 

Water. 

Max. 

Contraction. 

Brix 

grms. 

55*42 

grms. 

44*58 

c.c. 

0*9937 

Gerlach 

56*25 

43-75 

0*9946 

Zeigler , 

56 

44 

0*9958 


§ (4) Temperature Corrections, — The 
specific gravity of sugar solutions decreases as 
their temperature rises, by reason of the expan- 
sion in volume produced. The relative amount 
of expansion, however, is not constant ; it in- 
creases with the degree of concentration. The 
following values for the coefficient of cubical 
expansion of sugar solutions between 15° and 
25° C. are given by Josse and Remy : 1 


Concentration. 

Coefficient. 

6-32 

0-0002052 

12-75 

0-0002100 

23*88 

0-0002250 

33*71 

0-0002574 

43*81 

0-0002896 

53*37 

0-0003153 

62*39 

0-0003262 

66*74 

0-0003289 


1 Bull . .Assoc. Chim. Suer, Dist 1901-2, xix. 302. 


Alternatively, Schonrock’s formula may be 
employed to calculate the mean coefficient of 
expansion. 2 Let p denote the percentage of 
sucrose, and r the mean coefficient of cubical 
expansion for temperatures t between 10° and 
27° 0. Then, according to Schonrock, 

r = 0*000291 + 0*0000037(2? — 23-7) 

+ 0*0000066(£ - 20) - 0*00000019(2? - 23*7)05 - 20), 

The probable error is stated to be ±0*000006. 

Having obtained the proper coefficient, and 
knowing the specific gravity of the sugar 
solution at a given temperature t 9 we can 
calculate the specific gravity at another tem- 
perature to from the following equation : 

D* = D* + D <3L fo-* 2 )r. 

Here is the required specific gravity, T) tl 
the known specific gravity, and r the co- 
efficient of expansion. 

In technical work, however, the corrections 
for temperature are not usually applied to the 
specific gravity of the sugar solution. They 
are used as a direct correction of the per- 
centage of sugar itself, suitable tables being 
calculated out for this purpose. The one 
subjoined (Table II.) is from a table published 
by the Bureau of Standards, Washington, and 
calculated from Plato’s data ( vide infra). The 
table should be used with circumspection, and 
only for approximate results, when the tem- 
perature differs much from the standard 
temperature or from that of the surrounding 
air. 

§ (5) Relation between Specific Gravity 
and Sucrose Content. — Formulae have 
been calculated which indicate the relation 
existing between the specific gravity of a 
sugar solution and its content of dissolved 
sugar. Thus Gerlach has given the following 
equation : 

y = 1 + 0*003866# + 0-0000141# 2 

+ 0-0000000329# 3 , 

where # denotes the percentage of sugar, 
and y is the specific gravity of the solution 
at 17*5 0 /17*5° 0. 

Gerlach’s equation has been revised and 
extended to sugar solutions at other tempera- 
tures by Scheibler. For 20° C., Scheiblor’s 
equation is : 

2/= 1 + 0*003844# + 0*0000144# 2 
+ 0-0000000309# 3 

§ (6) Specific Gravity of Sugar Solu- 
tions. — Several sets of tables are in existence, 
correlating the jiercentages of sugar in aqueous 
solutions of this substance with the cor- 
responding specific gravities. Those considered 

2 Zeits . der dent . Zuckerind 1900, L 410. 
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Table II 


Temperature Corrections to Readings of Sacoiiarometers (Standard at 20° C.) 


Temp. 

Observed Percentages of Sugar. 

0 0. 

0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 





Subtract from Observed Percentage : 





10° 

0 32 

0*38 

0*43 

0*48 

0*52 

0*57 

0-60 

0*64 

0-67 

0-70 

0-72 

0-74 

0*75 

11 

*31 

*35 

•40 

*44 

•48 

*51 

-55 

•58 

•00 

*63 

•65 

•60 

•68 

12 

*29 

•32 

*30 

*40 

•43 

•46 

50 

-52 

•54 

*56 

•58 

■59 

•60 

13 

*20 

*29 

■32 

•35 

•38 

*41 

•44 

*40 

•48 

*49 

•51 

•52 

*53 

14 

*24 

•20 

*29 

*31 

-34 

•36 

-38 

•40 

•41 

•42 

*44 

*45 

*46 

15 

•20 

*22 

■24 

*26 

■28 

•30 

*32 

*33 

*34 

•36 

*30 

•37 

*38 

10 

*17 

•18 

•20 

*22 

*23 

*25 

*20 

*27 

*28 

■28 

*29 

•30 

•31 

17 

•13 

•14 

*15 

•16 

•18 

•19 

*20 

•20 

*21 

*21 

•22 

•23 

•23 

18 

*09 

•10 

•10 

•n 

*12 

*13 

•13 

•14 

•14 

•14 

-15 

*15 

*15 

19 

*05 

•05 

•05 

•0G 

•00 

•06 

•07 

*07 

*07 

*07 

*08 

•08 

•08 






Add to Observed Percentage : 





21° 

0 04 ] 

0*05 

0*06 I 

0*00 

0*00 

0*07 

0-07 

0*07 

0*07 

0*08 

; e-os 1 

0*08 

| 0*08 

22 

*10 

*10 

*11 1 

*12 

*12 

*13 

*14 

*14 

•15 

*15 

•10 

•10 

-10 

23 

*10 

*16 

•17 

17 

*19 

•20 

•21 

*21 

•22 

*23 

•24 

•24 

*24 

24 

•21 

*22 ' 

*23 

*24 

*20 

*27 

*28 

•29 

•30 

•31 

*32 

■32 

•32 

25 

*27 

*28 

•30 

*31 

■32 

•34 

•35 

•30 

*38 

•38 

•39 

*39 

•40 

20 

*33 

•34 

*36 

*37 

•40 

•40 

*42 

•44 

•46 

•47 

*47 

•48 

*48 

27 

*40 

*41 

•42 

*44 

•40 

•48 

*50 

•52 

*54 

*54 

*55 

•56 

*50 

28 

*40 

*47 

*49 

•51 

•54 

*50 

•58 

*60 

•01 

•02 

•03 

*04 

■04 

29 

*54 

•55 

*50 

*59 

*01 

*03 

•66 

*08 

•70 

-70 

*71 

•72 

*72 

30 

•01 

*•02 

*03 

*00 

*08 

•71 

■73 

•70 

1 ‘ 78 

| -78 

1 

*80 

•80 


most trustworthy are based upon the work of 
Plato, Domke, and Harting, and particulars 
of these are given farther on ; but as some 
of the others are still widely used it is neces- 
sary briefly to mention them. The differences 
between these various tables are due partly 
to the fact that sugar of the same degree of 
purity was not used as the starting-point in 
all the determinations, and partly to the fact 
that the results are expressed at different 
temperatures. Thus in Franco the “ normal ” 
tempera, turn is taken as 15° (!., and some of the 
tables are constructed for the temperature 
1574° 0. : in Germany the “ normal ” was 
formerly 14° R. ( =17-5° C.), and one of the 
most widely used tables is calculated for 
17-5717-5" 0., whilst since 1890 the normal 
temperature adopted has been 15° G., and 
tables have been constructed for 15°/15° 0. 
Finally, Plato’s tables mentioned above, as 
also others, in the United States, have been 
calculated for 20°/4° C. and for 20°/20° 0. 

Confining the selection to those tables 
founded upon direct experiment, the first to 
be mentioned is that of Batting (1835), which 
formed the basis of the more complete table 
by Brix (1854). In this table, subsequently 
extended by Mategrznck and Bcfieiblcr, and 
still in general use on the Continent, are 
given percentages of sugar by weight cor- 
responding with specific gravities taken at 
17*571 7-5** C. 


(Jerhtctis table, expressed in the same 
manner, 1 was somewhat more accurate than 
Balling’s. It did not, however, come much 
into use until 1890, when, the temperature 
15° C. having been adopted as the “ normal ” 
in Germany, ScMibler revised the table, and 
recalculated it for the temperature I5°/1G° C. a 
About a year afterwards, Sohoibler published 
also a volume 3 containing an extended table, 
divided into one - hundredths of “ degrees 
Brix,” with tables of corrections for different 
temperatures. 

In France, tables calculated for the tempera- 
ture I5°/4° C., and giving grams of sugar 
per 100 e.o., have been published by Barbet, 
and also by Vivien (1873). Barbet’ s results 
agree closely with those of Plato when the 
two series are reduced to comparable terms ; 
Vivien’s deviate from them rather con- 
siderably, 

Plato’s experiments, made at the instance 
of the German Normal Eichungs Kommission, 
were carried out on a much more compre- 
hensive scale than those of his predecessors, 
and with much better equipment. The sugar 
used was chemically pure sucrose, prepared 
by Hensfold in the following manner. 4 A 
saturated solution of crystallised or refined 

1 Dintjl. Pal ul. ,T„ 18(12, dxxii. 21. 

* Bull. Amir. C/dm. Bucr. DM., 1890-91, viii. 412. 

3 Lv. Tit-mge dex xalutinnx mtmU’x, Berlin, 1801. 

4 See Kumuler’s Auxfilhrlichex JFlantllncch dcr 
Zurkcrf ub rikat. wn , 1900, p. 88. 
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cane sugar was made, filtered from insoluble 
matters, and triturated with an equal volume 
of 96 per cent alcohol ; this treatment 
precipitates much of the sugar in a purified 
form. The mixture was then filtered, the 
precipitated sugar washed with ether, and 
dried at a low temperature. Plato found 
the specific gravity of this sugar to he 1-58965 
at 1574° C., and 1-59103 at 15°/15° C. 
Crystallised sugar prepared from it gave the 
results: 1-5879 at 1574°; and 1-5892 at 
15°/ 15°. The specific gravity of sucrose in 
solution was found to be 1-5549 at 15°/4° and 
1-55626 at 15715°. 

With this purified sugar two quite inde- 
pendent series of experiments on the specific 
gravity of its aqueous solutions were carried 
out. The first covered the range 10 to 60 
per cent of sugar. Six sets of determinations 
were made, one at each of the concentrations 
10, 20, 30, 40, 50, and 60 per cent. The 
second series was a much more extensive 
one ; the lowest concentration was 2-5 per 
cent of sugar, the next 5 per cent ; and then 
the series proceeded by increments of 5 up 
to 75 per cent. At ail the strengths which 
were not the same as those in the first series 
two separate determinations were made, by 
different observers on different days, so 
that duplicate determinations were obtained 
for the whole range of percentages. The 
method adopted was that of weighing a 
“ sinker,” first in air, then in water, and 
then in the sugar solution, by means of an 
analytical balance. All the necessary correc- 
tions were introduced. The experiments 
included also observations upon the thermal 
expansion of sugar solutions ; on capillarity, 
contraction, variation of density with change 
of temperature, and on the hygroscopic 
properties of sugar. By reason of their 
comprehensiveness, and the minute care 
bestowed upon them, they are now generally 
accepted as giving the most accurate values 
for the specific gravity of sugar solutions. 1 
There are three main tables of specific gravity 
values, worked out in percentage of sugar by 
weight (“ degrees Brix ”). The first is calcu- 
lated for the temperature 15°/15° 0., and 
divided into tenths of percentages or degrees. 
A second is constructed for a range of 
temperatures t° between 0° and 60° C. 7715°), 
and gives integral percentages of sugar from 
1 to 70 per cent. The third, like the first, 
shows tenths-per-cent of sugar, and is estab- 
lished for the temperature 20°/4°, in accordance 
with the recommendations made by the 
Fourth International Congress of Applied 

. 1 A, fu11 ?k 0 . C0 ™ fc , of tlle work is published under 
the title : Die Dickie, Ausdehnung , und Capillaritdt 
von Ldsungen remen Rohrzuckers in Wasser (Springer 
Berlin^ 1900) ; and an abridgment, with tables, is 
given in Zeits. der. deut . ZucJcermd 1900, 1 . 982 


Chemistry (Paris, 1900). An abridgment of 
this table is given here (Table III.), and a 
comparison of the three principal earlier 
tables with Plato’s first table is also appended 
(Table IV.). 

Table III 


Density of Solutions of Sucrose at 20°/4° C. 


Sucrose. 
Per cent 
by Weight. 

Density. 

Sucrose. 
Per cent 
by Weight. 

Density. 

0 

0-998234 



1 

1-002120 

51 

1-235085 

2 

1*006125 

52 

1*240641 

3 

] *009934 

53 

1*246234 

4 

1*013881 

54 

1*251866 

5 

1-017854 

55 

1*257535 

6 

1-021855 

56 

1*263243 

7 

1*025885 

57 

1*268989 

8 

1-029942 

58 

1-274774 

9 

1-034029 

59 

1-280595 

10 

1*038143 

60 

1-286456 

11 

1*042288 

61 

1*292354 

12 

1*046462 

62 

1*298291 

13 

1*050665 

63 

1*304267 

14 

1*054900 

64 

1-310282 

15 

1-059165 

65 

1*316334 

16 

1-063460 

66 

1*322425 

17 

1-067789 

67 

1*328544 

18 

1-072147 

68 

1*334722 

19 

1-076537 

69 

1-340928 

20 

1*080959 

70 

1*347174 

21 

1*085414 

71 

1-353456 

22 

1*089900 

72 

1*359778 

23 

1-094420 

73 

1*366139 

24 

1-098971 

74 

1*372530 

25 

1-103557 

75 

1*378971 

26 

1-108175 

76 

1*385446 

27 

1-112828 

77 

1*391956 

28 

1-117512 

78 

1*398505 

29 

1-122231 

79 

1*405091 

30 

1-126984 

80 

1*411715 

31 

1-131773 

81 

1*418374 

32 

1-136596 

82 

1*425072 

33 

1-141453 

83 

1*431807 

34 

1-146345 

84 

D 438579 

35 

1-151275 

85 

1*445388 

36 

1-156238 

86 

1*452232 

37 

1-161236 

87 

1*459114 

38 

1-166269 

88 

1*466032 

39 

1*171340 

89 

1*472986 | 

40 

1-176447 

90 

1*479976 

41 

1-181592 

91 

1*487002 

42 

1-186773 

92 

1*494063 

43 

1-191993 

93 

1*501158 

44 

1-197247 

94 

1-508289 

45 

1-202540 

95 

1-515455 

46 

1-207870 

96 

1*522656 

47 

1-213238 

97 

1*529891 

48 

1-218643 

98 

1*537161 

49 

1-224086 

99 

1*544462 

50 

1-229567 

100 

1*551800 
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Table IV 


Specific Gravity op Sucrose Solutions 


Sucrose. 

Per cent 
by Weight. 

r"o d 
<a C„ ■ 

■ rH o 

C! IQ 

Cl 

d 

4 b 

ri i— 

75 CL 

Qj O 

O 

Gerlach- 
Seheibler, 
lo D /15° C. 

g o' 
g tSj.2 d 
o 

te <2 iq 

Qxi £ ^ 
o.2 So 

-gw §£ 

S M 

0 

1*00000 

1-00000 

1-00000 

1-00000 

5 

1*01970 

1*01909 

1-01978 

1*01973 

10 

1*04014 

1*04010 

1*04027 

1-04016 

15 

1*06133 

1*00128 

1*06152 

1*06134 

20 

1-08329 

1*08323 

1-08354 

1-08328 

25 

1*10607 

1*10600 

1*10035 

1-10604 

30 

1*12967 

1-12959 

1-12999 

1-12962 

35 

1*15411 

1-15403 

1*15448 

1-15407 

40 

1-17943 

1-17936 

1*17985 

1*17940 

45 

1-20565 

1-20559 

1 20011 

1 -20505 

50 

1*23278 

1-23275 

1-23330 

1-23281 

55 

1*20086 

1-20086 

1*20144 

1 -20091 

00 

1-28989 

1 -28995 

1-29050 

1 -28997 

05 

1*31989 

1 -32005 

1-32007 

1*31997 

70 

1*35088 

1-35117 

1-35182 

1*35094 

75 

1-38287 

1*38334 

1-38401 

1*38280 


D. Sidersky has extended the German 
tables to show grams of sugar per 100 e.e., 
as well as percentages by weight, for tempera- 
tures .between 10° and 30° 0., referred to 
water both at 4° Cl and at ir>° Cl as unity ; 
and for concentrations up to 30 per cent by 
weight. 1 He lias also given a comparative 
table of the chief experimental results hitherto 
published, all reduced to the same terms for 
facility of Comparison. 2 This author concludes 
that Plato’s results are the most trustworthy 
of all, and recommends that they should be 
taken as the basis of tables used in sugar 
analysis, to the exclusion of all others. We 
give (Table V.) the portions of his table which 
are calculated from Plato’s and Brix’s experi- 
ments, omitting the others. The results are 
referred to the temperature, 15*74° Cl, adopted 
in French hydrometry. 

§ (7) IlKTBKM I NATION OB' StrOAR-OONTBNT.-— 
In the ordinary routine work of the sugar 
factory, the strength of the sugar solutions 
is usually ascertained with a hydrometer 
(saecharometer, “ spindle,” densimeter). In 
the sugar laboratory, the specific gravity of 
solutions is determined by means of the 
pyknometer, or by some form of hydro- 
static! balance (e.g. the Mohr or Wostphal 
balance), whenever it is desired to obtain 
more accurate results than are given by tho 
hydrometer. 

To make a determination of specific gravity 
which shall be trustworthy to the fifth 
decimal, a pyknometer must be used, with a 
sensitive balance and the usual precautions 

1 lies <te» si ft's des solutions sueri'es a different^ 
temperatures, Paris, 1008. 

* Bull. Assoc. Vhim. Suer. JHst., 19.10, xxxvil. <3. 


for precise weighing, including a correction 
for the weight of air displaced by the liquid. 
Such a determination, however, is only 
wanted in special cases, as for very weak 
sugar solutions. With the hydrostatic balance, 
results correct to the fourth decimal can be 
obtained. This suffices amply for all ordinary 
requirements, since four units in the fourth 
decimal place (0-0004) represent only 0-1 per 
cent of sugar. The hydrometer, even at its 
best, gives only the third decimal accurately, 
and the reading is apt to be made somewhat 
uncertain by the effects of surface tension. 

Table V 


Densities at 15° /4° C. 


Sugar, 

grams. 

Density at 15°/4° C. 

Per 

100 c.c. 

Per 

100 grams. 

Plato. 

Balling-Erix. 

0 

0 

0*99913 

0-99913 

5 

4*91 

1*01844 

1-01888 

10 

9-04 

1*03777 

1-03824 

15 

14*19 

1*05094 

1-05753 

20 

18*59 

1*07008 

1-07672 

25 

22*83 

1-09511 

1-09582 

30 

20-93 

1*11407 

1-11481 

35 

30-90 

1-13298 

1-13380 

40 

34-73 

1*15173 

1* 15262 

45 

38-45 

1*17043 

1-17113 

50 

42-00 

1-18900 

1-18997 

55 

45-57 

1 -20703 

1-20855 

00 

48-90 

1*22001 

1-22692 

05 

52-20 

1-24429 

1-24512 

70 

55-48 

1-26225 

1-26350 

75 

58-00 

1 *28063 

1-28160 

80 

01-04 

1-29871 

1-29962 

85 

04-59 

1*31633 

1-31746 

90 

07-48 

1*33406 

1-33522 


Nevertheless, the degree of accuracy obtain- 
able with the hydrometer suffices for ordinary 
routine work, whilst the simplicity and rapidity 
with which the results are procured have made 
this instrument, in one form or another, 
indispensable to tho sugar chemist. The 
ordinary type of hydrometer may be used for 
determining the specific gravity of sugar 
solutions ; but in general, for sugar work, a 
special form is employed. Either it is 
graduated to show tho percentage of sugar 
direct (Balling-Brut saecharometer), or it 
gives readings in terms of an arbitrary scale, 
which by means of an appropriate conversion 
table will indicate the corresponding per- 
centage of sugar (Baume’s hydrometer). If 
the specific gravity is determined, whether 
by pyknometer, Mohr’s balance, or hydro- 
motor, the corresponding sugar-content is 
found from the table already given (Table HI.), 
or a similar table constructed for tho particular 
tern porature cm | iloyed. 

The general theory of tho hydrometer, and 
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the methods of calibrating and comparing 
these instruments, are dealt with elsewhere 
in this work (see article “ Hydrometry ”). 
Hence a simple outline only is necessary here, 
referring more particularly to the form of 
instrument usually employed in saccharometry. 
This consists of a hollow glass cylinder, carry- 
ing at its lower end a bulb weighted with 
mercury or shot, and surmounted by a slender 
stem of uniform diameter. A paper scale is 
enclosed in the stem. When placed in a 
liquid, the hydrometer sinks until the weight 
of liquid displaced is equal to the weight of 
the instrument. The heavier the liquid, the 
less the saccharometer sinks. The dimensions 
and weight of the instrument may be so 
arranged that the hydrometer sinks to a 
point near the top of the stem when placed 
in water ; to a point near the bottom of the 
stem in a sugar solution of known sugar 
content, and therefore to intermediate points 
in solutions containing smaller proportions of 
sugar. These points are thus established as 
those corresponding with known percentages 
of sugar, and intermediate divisions may be 
interpolated. In practice this is done by 
dividing the intervals between the established 
points into equal subdivisions ; this method 
is not strictly accurate, but the error is 
considered to be less than the probable error 
in reading the instrument. 

Alternatively, the stem may be divided in 
such a way as to show the specific gravity 
of the liquid instead of its sugar percentage. 
Thus in the foregoing example, if the specific 
gravities of the sugar solutions used are known, 
the established points correspond with these 
specific gravities, and subdivisions can be 
interpolated. These subdivisions, however, are 
much less uniform than in the former case, 
since the distance between them decreases 
as the specific gravity increases. Twaddell’s 
hydrometer, much used for technical work in 
this country, is based upon this principle, each 
scale division representing 0-005 as specific 
gravity. Thus a reading of, say, 30° Tw. 
denotes a specific gravity of 1-000 + 30 x -005 
= 1-150. 

A third method of calibration is that 
adopted by Baume for his hydrometer. He 
used a solution of sodium chloride containing 
15 parts by weight of this salt and 85 parts 
by weight of water. The point to which the 
hydrometer sank in this solution was marked 
15°, and the point to which it sank in distilled 
water at the same temperature (probably 
about 12-5° C.) was marked 0. The space 
between these two points was divided into 15 
equal parts or degrees, and divisions of the 
same length were extended downwards beyond 
the 15° point. The Baume divisions are 
therefore of an arbitrary nature, showing 
neither specific gravity nor percentages of 


sugar. They can, however, be correlated 
with specific gravity values, and thence with 
sugar- content, by means of tables calculated 
for the jmrpose. This is explained in detail 
further on. 

§ (8) Balling -Brix Saccharometer. — This 
instrument is graduated to show, directly, per- 
centage of sugar by weight. It was first 
introduced by Balling, the scale being sub- 
sequently revised by Brix. tc Degrees Brix,” 
or “ degrees Balling,’ 5 therefore, are both 
understood to mean the same thing, namely, 
the percentage of sucrose, by weight, con- 
tained in the solution referred to. The cc Brix 
spindle,” as the instrument is commonly 
called, is supplied in various series to cover 
the range of sugar-strengths dealt with, the 
most generally useful being a series in which 
each instrument has a range of 10 degrees, 
subdivided into tenths of a degree. For more 
accurate readings, the distance between the 
divisions is required to be greater, and there- 
fore the stem is of smaller diameter ; hence 
to meet these demands there is a series in 
which each tc spindle ” has a range of only 
5 degrees, with subdivisions of 0-05 degree. On 
the other hand, for rougher work the range 
of each instrument extends to 30 degrees, 
graduated in half-degrees, or in fifths. Brix 
hydrometers are calibrated at the temperature 
17*5° C., and if readings are taken at a different 
temperature the necessary correction must be 
introduced (see Table II.). In some forms a 
thermometer is fitted into the saccharometer 
itself, but this is not of much advantage when, 
as often happens, turbid liquids are being 
examined, since the thermometer cannot then 
be read distinctly. 

The Brix saccharometer is probably the 
instrument most generally used in technical 
sugar work, and the modern tendency is to 
employ it more and more. But the Baume 
form is still widely used, both on the Con- 
tinent and in America, and it is therefore 
necessary to discuss this instrument in some 
detail. 

§ (9) Baume’s Hydrometer. — There has 
been much confusion as to the exact interpreta- 
tion of the results shown by this instrument — - 
that is, as to the precise specific gravity which 
the “ degrees ” indicate. Quite a large 
number of different cc Baume scales ” have 
been used. The scale was first proposed, and 
the instrument used as a pc sc -sir op, by 
Antoine Baume, a French chemist, in 1768 ; 
but the description given by him is not 
sufficiently precise for the accurate reproduc- 
tion of the scale. The exact temperature and 
specific gravity of the solutions he employed 
(see above) are in some doubt. Hence pro- 
posals have been made to construct a 
** rational ” Baume scale. If the hydrometer 
sinks to the point 0° in water, and to a point 
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d° in a liquid of specific gravity s, it can be 
shown that dsj(s — l) = m, a constant. The 
value of this constant (or “ modulus,” as 
it is often termed) is found if, d being sup- 
posed known, s is determined by any suitable 
method. 

Conversely, if m is known, the specific 
gravity corresponding with any division on 
the Baume scale can be calculated, since the 
foregoing equation transposes to s — m/(m -d). 

Gay - Lussac, investigating the basis of 
Baume’ s system of liydrometry (1822), took 
strong sulphuric acid as the test liquid, and 
6(>° as the value of d. The specific gravity 
of the acid at 15° C. was 1-8427, whence the 
value of m is found to be 144-32. The Baume 
scale calculated from this modulus has since 
then been commonly used in France and 
Germany. In Holland the value of m adopted 
was 144. 

Gerlach, reinvestigating the question half 
a century later, 1 found the specific gravity of 
a 15 per cent sodium chloride solution, as used 
by Baume, to be 1-11383 at 1.7-5° C. Putting 
this value for ,s in the above equation, and 
taking d as the point 15°, the value of m is 
found to 1)0 14tV78. 

What is known as the “ old ” Baume scale 
is the one (used in Holland) with the value of 
m, taken as 144. The “ new ” or “ Gerlach ” 
scale is based upon the value found above, 
namely 140-78. In the United States the value 
officially adopted, and used by all the hydro- 
meter makers, is 145.* 

The subjoined comparison (Table VI.) of 
the “ old,” the “ new,” and the T7.S. scale is 
published by the Bureau of Standards, Wash- 
ington (Technologic Paper No. 115). 

§ (10) NriiciAn Forms of Hydhomistrr.— ■ - 
Various modifications of the standard forms 
have been devised, chiefly with the view of 
simplifying correct ions for temperature. Thus 
in one device a thermometer is included with 
t he Brix “ spindle,” but the thermometer scale 
is graduated to show, not the temperature of 
t he solution, but the corresponding correction 
to be added to or subtracted from the 
“ degrees Brix ” shown by the hydrometer 
scale (Volquartz). 

Another form (Vosatka’s) is provided with 
a movable scale, which after adjustment to 
the temperature of the sugar solution gives 
the true reading directly. 

Other varieties are specially devised for 
dealing with the hot dilute sugar solutions 
(“ sweet water”) obtained in, the operation of 
exhausting filter-press cakes. The tempera- 
ture of those “ waters ” is usually 60° to 80° 0., 
and the hydrometers employed are often cali- 
brated for use at these high temperatures in 

’ lying l . Point. .1 1 870, cxcviU. 315. 

* Vide ( ’handler, Nat. Aead. S In., Philadelphia, 
1881, for t.he origlu and early history of the various 
Baume scales. 


TabXjE VI 

Comparison of Baume Scales 


Corresponding Degrees Baum6. 


Per cent - 
Sucrose, or 
Degrees 
Brix. 

“New” 

Scale 

(Modulus 

146*78) 

“Old” 1 
Beale 
(Modulus 
144). 

TJ.S. 

Scale 

(Modulus 

145). 

0 

0*0 

0-0 

000 

5 

2-8 

2*8 

2*79 

10 

5-7 

5*6 

5*57 

15 

8-5 

8*3 

8*34 

20 

11*3 

11-1 

11*10 

25 S 

14- 1 

13*8 

13*84 

30 

16-8 

16-5 

16*57 

35 

19 -G 

19-2 

19*28 

40 

22-3 

21-9 

21*97 

45 

25-0 

24*6 

24*63 

50 

27 -7 

27-2 

27*28 

55 

30-4 

29-8 

29-90 

60 

33-0 

32-4 

32*49 

65 

35 -G 

34-9 

35*04 

70 

38-1 

37-4 

37*56 

75 

40 -G 

39-9 

40*03 

80 

43-1 

42-3 

42*47 

85 

45 *5 

44-7 

44*86 

90 

47 -9 

47 -0 

47*20 

95 

50*3 

49*3 

49*49 

100 

. . 

. . 

51*73 


order to avoid the delay consequent upon 
cooling tlie. liquids down to 17-5° C. or 20° G. 
In addition, these hydrometers are made with 
a largo body and a thin stem, so that the 
reading can easily be made to the tenth of a 
degree. One ingenious form (Langen’s) is so 
constructed that, at any temperature between 
30° and 70° C., the readings of the stom and 
of the included thermometer coincide when 
the instrument is placed, in pure water, but 
differ more or loss widely as long as any sugar 
is present in the solution. Hence to determine 
when, the extraction of sugar is complete, it 
is only necessary to test samples from time to 
time, until the two readings, at f irst divergent, 
become coincident, showing that no more 
sugar is being dissolved out. For further de- 
tails of these special hydrometers see Browne’s 
Handbook of /Sugar Analysis (Wiley). 

§ (11) Reading Htokomotebs. — In using 
hydrometers, the liquid to he tested is placed in 
a'clear glass cylinder of such a sisse as will allow 
the instrument to float freely without touching 
the sides or bottom. After mixing the liquid 
thoroughly by means of a stirrer, when neces- 
sary, the hydrometer, which should be clean 
and dry, is slowly immersed in the liquid 
until it just floats freely, without wetting the 
upper part of the stom, When the instrument 
is at rest, and the liquid free from air-bubbles, 
the scale is viewed from a point just below tlui 
plane of tlie liquid surface, and the eye is 
raised gradually until that surface, first seen 
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Table VII 


Degrees Brik, Specific Gravity, and Degrees Baume 


Degrees 
Brix, or per 
cent Sugar 
by Weight, 

Sp. Grav. 
at 

20°/4° C. 

Sp, Grav. 
at 

20°/20° C. 

Degrees 
Baum6 
(Mod. 145). 

Degrees 
Brix, or £>er 
cent Sugar 
by Weight. 

Sp. Grav. 
at 

20 o /4° C. 

Sp. Grav. 
fit 

20720 ° C. 

Degrees 
Baum<5 
(Mod. 145). 

0 

1 

0*99823 

1*00212 

1-00000 

1-00389 

0-00 

0-56 

51 

1-23508 

1*23727 

27*81 

2 

1*00602 

1*00779 

1*12 

52 

1*24064 

1-24284 

28-33 

3 

1-00993 

1*01172 

1-68 

53 

1*24623 

1*24844 

28*86 

4 

1*01388 

1*01567 

2-24 

54 

1*25187 

1*25408 

29-38 

5 

1*01785 

1-01965 

2-79 

55 

1-25754 

1-25976 

29*90 

6 

1-02186 

1*02366 

3-35 

56 

1*26324 

1*26548 

30*42 

7 

1-02588 

1-02770 

3-91 

57 

1*26899 

1*27123 

30-94 

8 

1*02994 

1*03176 

4*46 

58 

1-27477 

1*27703 

31*46 

9 

1*03403 

1-03586 

5-02 

59 

1*28060 

1*28286 

31*97 

10 

1-03814 

1*03998 

5*57 

60 

1-28646 

1*28873 

32*49 

11 

1-04229 

1*04413 

6*13 

61 

1-29235 

1-29464 

33*00 

12 

1-04646 

1*04831 

6-68 

62 

1*29829 

1*30059 

33*51 

13 

1*05066 

1-05252 

7-24 

63 

1-30427 

1*30657 

34-02 

14 

1*05490 

1*05677 

7*79 

64 

1-31028 

1*31260 

34-53 

15 

1*05916 

1*06104 

8*34 

65 

1-31633 

1*31866 

35*04 

16 

1-06346 

1*06534 

8*89 

66 

1-32242 

1*32476 

35*55 

17 

1*06779 

1*06968 

9-45 

67 

1-32855 

1*33090 

36-05 j 

18 

1-07215 

1*07404 

10*00 

68 

1-33472 

1*33708 

36*55 

19 

1-07654 

1:07844 

10*55 

69 

1*34093 

1*34330 

37*06 

20 

1-08096 

1*08287 

11-10 

70 

1-34717 

1*34956 

37-56 

21 

1*08541 

1*08733 

11-65 

71 

1*35346 

1*35585 

38-06 

22 

1-08990 

1*09183 

12*20 

72 

1-35978 

1*36218 

38-55 

23 

1*09442 

1*09636 

12-74 

73 

1-36614 

1-36856 

39*05 

24 

1-09897 

1*10092 

13*29 

74 

1-37254 

1-37496 

39*54 

25 

1-10356 

1*10551 

13-84 

75 

1-37897 

1-38141 

40*03 

26 

1*10818 

1*11014 

14*39 

76 

1-38545 

1 -38790 

40*53 

27 

1*11283 

1*11480 

14*93 

77 

1-39196 

1-39442 

41*01 

28 

1*11751 

1*11949 

15*48 

78 

, 1-39850 

1 -40098 

41*50 

29 

1*12223 

1*12422 

16*02 

79 

1-40509 

1 -40758 

! 41*99 

30 

1*12698 

1*12898 

16-57 

80 

1-41172 

1-41421 

42*47 

31 

3*13177 

1-13378 

17*11 

81 

1-41837 

1-42088 

42*95 

32 

1*13660 

1*13861 

17-65 

82 

1*42507 

1-42759 

43*43 

33 

1*14145 

1*14347 

18-19 

83 

1-43181 

1-43434 

43*91 

34 

1*14634 

1-14837 

18*73 

84 

1 -43858 

1-44112 

44*38 

35 

1*15128 

1*15331 

19*28 

85 

1-44539 

1 -44794 

44*86 

36 

1*15624 

1*15828 

19-81 

86 

1-45223 

1-45480 

45*33 

37 

1*16124 

1*16329 

20*35 

87 

1 45911 

1-46170 

45*80 

38 

1*16627 

1*16833 

20*89 

88 

1-46603 

1-46862 

40*27 

39 

1*17134 

1*17341 

21*43 

89 

1-47299 

1-47559 

40*73 

40 

1*17645 

1*17853 

21*97 

90 

1-47998 

1 -48259 

47*20 

41 

1*18159 

1*18368 

22*50 

91 

1-48700 

1-48963 

47*66 

42 

1* 18677 

1*18887 

23*04 

92 

1-49406 

1-49071 

48*12 

43 

1*19199 

1*19410 

23*57 

93 

1-50116 

1-50381 

48*58 

44 

1*19725 

1-19936 

24*10 

94 

1-50829 

1-51096 

49*03 

45 

1*20254 

1-20467 

24*63 

95 

1-51546 

1-51814 

49*49 

46 

1*20787 

1*21001 

25*17 

96 

1-52266 

1-52535 

49*94 

47 

1*21324 

1*21538 

25*70 

97 

1-52989 

1-53260 

50*39 

48 

1*21864 

1*22080 

26*23 

98 

1-53716 

1-53988 

50*84 

49 

1*22409 

1*22625 

26-75 

99 

1-54446 

1-54719 

51-28 

50 

1*22957 

1-23174 

27-28 

100 

1-55180 

1-55454 

51*73 




SACCHAROMETRY 


733 


as an ellipse, appears as a straight line. The 
point where this line cuts the hydrometer 
scale is taken as the reading. The meniscus 
of liquid formed round the stem hy capillary 
attraction is disregarded. The temperature 
of the solution must be carefully noted, and 
if, as usually happens, it differs from the 
standard temperature (15-6% 17-5°, or 20° C., 
as the case may be), the proper correction 
must be applied. Ideally, the hydrometer, 
the liquid, and the surrounding atmosphere 
should all be at the standard temperature, 
hut these conditions, of course, are not often 
obtained in practice. 

§ (12) Stjga.ii Table. — The most recent sugar 
table issued, showing degrees Brix, or per- 
centage of sugar by weight, correlated with 
degrees Baume and with specific gravity, is 
one by Bates and Bearce, and published by 
the United States Bureau of Standards in 
1918 ( Technologic Paper No. 115). It is based 
upon Plato’s specific gravity determinations, 
and the temperature 20° C. is adopted as being 
the most convenient, and one widely accepted 
for sugar work ; the Baume scale used is cal- 
culated with the modulus 145. An abridgement 
of this table is subjoined (Table VII.). 

§ (1.3) Usk of Solution -factors. — Within 
certain limits, the proportion of sugar in a solu- 
tion can be determined from the specific gravity 
by means of a tc solution-factor,” thereby dis- I 
pensing with the use of tables. If, for example, 
10 grams of sucrose be dissolved in water, 
and the solution made up to 100 c.o. at 
15*5° Cl, the specific gravity of this solution 
at 15*5715*5° 0. will be found to be 1038-6 
(water ~ 1000). The excess specific gravity 
over that of water is therefore 1038*6 — 1000, 
or 38*6. Assuming that the increase of specific 
gravity produced is always proportional to the 
quantity of dissolved sucrose, one gram of 
sucrose per 100 c.o. would give an increase of 
3*86, and x grams would give x times 3-86. 
Hence, conversely, to obtain, the concentration 
x (grams per 100 c.o.) of the sugar in a solution 
the specific gravity of which is S, we have 

(S - 1000) 

3-8(1 ' ’ 

where 8 is expressed in terms of water taken 
as 1000, For example, if a solution of sucrose 
has the specific gravity 1055-4, it will contain 
55-4/3-86— 14-3 grains of sugar per 100 c.o. 

Tliis method was first used by O’Sullivan in 
his investigations upon the products obtained 
by the hydrolysis of starch. 1 Brown, Morris, 
and Millar subsequently determined the values 
of the solution -factors for other sugars than 
sucrose, 2 and Ling, Eyimn, and Lane have 
repeated the investigate >ns in respect of 
dextrose, laevulose, and maltose.* 1 The factors 

1 ('hem. Sot*. 1K7(>, xx\. 129. 

a Ibid ., 1807, 1 x x i . 72. 

3 J. Sm. (■hem. Ind., 1901), xxviii. 730. 


given below are regarded as accurate for 
solutions of the sugars mentioned, at a con- 
centration of 10 grams per 100 c.e. : 


Sucrose . 

Dextrose . . . . . 

Baevulose . 

Invert sugar . 

Maltose . 

Mixed starch-conversion products 


. 3-86 

. 3-82 

. 3-92 

. 3-87 

. 391 

/ 3*93 to 
• \ 4*01 


The solution - factors, however, are not 
constant for all degrees of concentration : 
their values decrease somewhat as the con- 
centration increases. Hence it is customary, 
in analysing commercial products, to work 
with solutions containing 10 grams of the 
product per 100 c.c. ; or if a strong sugar 
solution is being dealt with, to dilute a known 
quantity until the specific gravity is reduced 
to about 1*04, before calculating the sugar- 
content by means of the factor. For mixtures 
of sugars the factor 3*86 is generally employed ; 
and for solutions of mixed starch -conversion 
products, the round number 4 gives fairly good 
approximate results. 

§ (14) Impure Sugar Solutions. — It must 
be borne in mind that, as already mentioned 
at the beginning of this article, many of the 
liquids dealt with in technical work contain 
not only sugars, but more or less mineral 
matter, and organic acids or salts. For a 
given concentration, solutions of most salts 
sho w a higher specific gravity than the sugars 
do. Hence, whether the tables or the factors 
are employed, since both are based upon the 
data for pure sugars, the results may show 
appreciable errors when applied without cor- 
rection to the impure solutions in question. 
Browne { op . edt .) gives the following particulars 
in illustration of this : 


Table VIII 


Aqxtuotts Solutions at 15° C. 


Specific 

Gravity. 

Sucrose. 

Tartaric 

Acid. 

Sodium 

Potassium 

Tartrate. 

Potassium 

Carbonate. 

1*0039 

per cent 

1 

per cent 
0-87 

per cent 
0*57 

per cent 
0*43 

1-0078 

2 

1*73 

1*14 

0*8() 

1*01 IS 

3 

2-02 

1*71 

1*29 

1*0157 1 

4 

3-45) 

2*28 

1*72 

1*0197 

6 

4-40 

2*87 

2*15 

1-0402 

10 

8-07 

5*87 

4*40 

1*0833 

20 

17-52 

12*16 

9*00 

1-1296 

30 

2(5-29 

18*38 

13*78 

1-1794 

40 

35-33 

24*73 

18*72 

1 -2328 

50 

44-22 

311 0 

23*70 


A further point is that when very thick 
syrups have been diluted with water as a 
preliminary to taking the specific gravity, the 
above-mentioned inaccuracy is enhanced, owing 




SCREWS, MICROMETER — SEISMOMETRY 


735 


Screws, Micrometer, for subdividing the 
space between scale divisions. See “ Micro- 
meters,” § (2). 

Sea Water, : 

Composition of. See “ Oceanography, 
Physical,” § (1). 

Measurement of currents. See ibid. §§ (24)- 
(31). 

Measurement of temperature and collection 
of water samples. See ibid . §§ (18)-(23). 
Properties of : 

Chlorimty, salinity, and density. See 
ibid . § (2). 

Compressibility. See ibid . § (5). 

Density and temperature. See ibid . § (3). 

Electric conductivity. See ibid . § ( 14). 

Evaporation. See ibid . § (11). 

Freezing point. See ibid . § (4). 

Gases absorbed by. See ibid. § (17). 

Osmotic pressure. See ibid. § (10). 

Specific beat. See ibid. § (7). 

Surface tension. See ibid . § (12), 

Thermal conductivity. See ibid. § (8). 

Thermal expansion. See ibid. § (0). 

Transparency. See ibid. § (10). 

Viscosity. See ibid. § (13). 

Salinity and density, determination of. See 
ibid, §§ (32) -(35). 

Secondary Disturbance of Pressures. See 
“ Atmosphere, Physics of,” § (18), 

SEISMOMETRY 

§ (1) Thus Seismometer. - — Any instrument 
■which measures the motion of the ground 
during an earthquake or other seismic dis- 
turbance is termed a seimmrmeter . The term 
seismograph is, however, more generally 
employed, since most instruments of the 
kind provide a record, or seimiogram, on a 
more or less enlarged scale, of the motion. 
The most general form of such motion involves 
six independent quantities, viz. displacements 
in, three mutually rectangular directions, and 
rotations about three axes in these directions. 
The measurement of the rotations (which are 
always exceedingly small except, perhaps, 
at places near the seat of disturbance) presents 
difficulties, and as yet no continuous record 
has been obtained of them. In what follows 
attention will therefore bo chiefly directed 
to the measurement of the three linear dis- 
placements, The directions in which these 
are generally measured arc the lines drawn 
from the place of observation to the north* 
east, and the zenith. Obviously the same 
type of instrument will serve for both hori- 
zontal measurements. 

(i.) Description . --- The general aim in seism o- 
motry has been t< > arrange, by mechanical 
or other means, that a certain point of the 
apparatus shall remain relatively at rest, and 


then to contrive means whereby the motion of 
the ground relatively to this “steady point,” 
as it is termed, shall be continuously recorded. 
A heavy mass, suspended by a long fine wire 
from a point fixed in connection with the 
ground, is a first approximation to the former 
result ; for when the point of support moves 
with the ground the heavy mass tends to 
remain stationary. If there be attached to 
the suspended mass a pen or pencil resting on a 
horizontal sheet of paper which moves with the 
ground, the trace obtained on the paper would 
represent that motion. Such an arrange- 
ment, known as a pendulum seismograph, 
has been frequently used, examples of which 
are the Italian seismographs of Drs. Again en- 
none and Vicentini (Fig. I and Fig. 2). In 
practice it is desirable that the period of the 
pendulum shall be of considerable length ; 
10 to 60 seconds are in common use. 

A modification, of the simple pendulum 
which has the effect of lengthening the period 
is the duplex pendulum of Ewing (1880). 
This is a simple pendulum combined with an 
inverted pendulum, where the relative masses 
of the bo bs may be so chosen that any degree 
of stability is attained. Again, consider 
another type rc])i‘osentcd in Fig . 3, A rod 
AR is pivoted at A and B in a rigid frame 
secured to the ground, and the lino AB is 
given a very slight inclination to the vertical. 
From its middle point O, and at right angles 
to it, the rod CM projects, carrying a heavy 
mass M at or near its extremity. It is clear 
that if AB were horizontal the system would 
behave as a simple pendulum, while if AB 
were exactly vertical the mass M would be 
in neutral equilibrium. By inclining AB 
through a small angle i from the vertical, 
the effective value of the gravitational ac- 
celeration is reduced f rom g to g sin i. In 
oq | xiili brium, with no seismic disturbance in 
progress, M is at the lowest point it can reach 
in the course of a complete rotation about 
AB. This type, in which the path of oscilla- 
tion is approximately in a horizontal plane, 
is termed a horizontal pendulum and forms 
the basis of most of the modem forms of 
seismograph. Its chief merit, when compared 
with the vertical type, lies in the small dimen- 
sions which, may bo employed. Long periods 
of oscillation are readily obtained by a simple 
adjustment of the angle i. When the ground 
moves in a directs m having n component 
perpendicular to the piano containing AB 
and this lowest point, the mass ML tends 
to remain at rest while the axis AB, moving 
with the ground, produces an inclination 
of the arm 0M away from its equilibrium 
position. It must also bo noted that any 
n >tation of the ground about the approxi- 
mately horizontal axis 0M, or about a 
vertical axis, will also produce motion of 
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the arm CM. A. writing point attached to thus enabling the rod to oscillate in any direc- 
M may then trace on a sheet of paper or tion. In this form the pendulum is only 
smoked glass a record of the motion, and if stable within certain limits : stability is 
the paper or glass be given a uniform motion sometimes increased by one or more delicate 
in^ the direction CM, we should obtain the springs acting horizontally upon the mass ; 
seismogram of the disturbance. This arrange- stops are also provided to arrest undue 
ment — one of the forms of the horizontal oscillation. 

pendulum seismograph — was first introduced (ii.) Theory . — From the dynamical point of 
in a practicable form by Ewing in 1880, and view the many different forms of horizontal 
by it he obtained the first continuous record pendulum seismograph are identical, and the 
of earthquake motion- There are a number of following is a condensed account, on the lines 



Fra. i. 


forms of the horizontal pendulum, the chief of Galitzin’s treatment, of the theory of their 
difference being in the method of suspension, action. 

Mg 4 is perhaps the most common form We may suppose that, essentially, the in- 
and is used m the Milne, Milne-Shaw, Omori, strument consists of a heavy mass, placed 
Mamka, etc The pendulum is supported at one end of a rigid rod, and capable of 
Jf'. wire FD and a point at C. rotation in a nearly horizontal plane about 

5 is the well-known Zollner suspension an axis passing through the other end of the 
where there are two tie wires EC and DP. rod and very slightly inclined to the vertical. 

r^i b . eco:mes the ideal axis of rotation. Neglecting rotational effects, the equation of 

the Galitzin pendulum is suspended in this motion of the arm will be 

manner. 

Another type is the inverted pendulums of +- 2h—~ •+ n 2 0+ ~ c ? 2 ‘f=0, 

Marvin and Wiechert, where a heavy mass a at l dt 2 

is carried by a stout vertical rod whose lower where 6 is the angular deflection of the arm 
end terminates in a Cardan spring (two flat from its equilibrium position, Z is the “ reduced 
springs placed at right angles to each other), length ” of the pendulum, x is the co-ordinate 
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of position of the ground relative to fixed 
axes, and where k and n are constants. The 
second term is introduced in order to take 

account of any damp- 
ing of the motion, 
such as might be pro- 
duced by friction at 
the pivots, air resist- 
ance, or other artifici- 
ally introduced cause. 
It is important to note 
that the assumption is 
made that the friction 
is proportional to the 
angular speed of the 
arm. When the damp- 
ing is due to air resist- 
ance, or fluid friction, 



than the first, 0 will always be positive, the 
arm swinging out to a maximum deflection 
and thereafter creeping hack asymptotically 
to zero. In the third case 

Q = e ” ^[A cos [St +• R sin fit], 

where /3 = + Rut A = 0 in this case, 

and the deflection at time t is 


e-. 


V 7 t 
— Ja sin BL 

CtjL — a. 2 ' 


FIG. 2. 

or to electromagnetic damping (as in the 
Galitzin instruments), this assumption is 
warranted. But where the end of the arm. 
bears against any pivot (as in the Milne 

or Omori instruments), 
or where the nearly 
vortical axis is sup- 
ported on two pivots 
(as in* the bracket 
seismograph of Ewing), 
the friction is of an 
indefinite and possibly 
variable kind, and the 
assumption is less 
justifiable. The co- 
efficient Jc is known as 
the damping coefficient. The third term 
involves n 2 ,' which, for small angular dis- 
placements, is equal to gfl-. Wo take, first, 
the case of the free motion of the pendulum, 
such as would be produced by 
giving the movable arm an initial 
angular velocity V, after which it 
is left to itself, the ground being 
at rest. Wo thus get 


B 

i 

t 

i 

i 

i 

<z 

i 



M 


A 

FlO. 3. 


0 A, e “ " + A.»e ~ a - 1 . 


m 

M 


■ H“. 



FIG. 4, 


The pendulum motion is then damped har- 
monic motion, the amplitude 
decreasing logarithmically with 
the time. The second is the 
limiting case 
between the 
first and third, 
and the pen- 
dulum is then 
said to be at 
the aperiodic 
limit. The motion is given by 

<? = Vte~ nt . 

We have next to investigate the behaviour of 
the pendulum when the ground is subject to 
a given motion, and it may be supposed that 
this is of the simple harmonic type, so that 
X — X{ sin. (pi +5) may he substituted in’ the 
fundamental equation. The solution is 

0 = e - /ti-L’Pi cos fit +P 2 sin [it] 




jr 


;;-sin{yj(i- r) + 5} 


+ i 7 v^ - : 2(?i 2 '-2P)j) 2 t» 

The first term is wholly an instr umental effect ; 
the second is a forced oscillation, and is duo 
to the seismic motion. 

Tho effect of damping, or its absence, lias 
first to be considered. If the damping he 
heavy, so that the pendulum is at the aperiodic 
limit, Js-n and /3 =0. The second part of 
the instrumental term therefore disappears, 
and, with the coefficient e~ u , the importance 
of the first part will diminish quickly. The 
forced oscillation is also simplified, so that 



w boro 

exj fc "4™ n/ cto; ^ k ~~ s/ k** “ 

Three eases therefore arise, according as 
k > = or < n. In tho first 

():r, V 

« i - °a 

and, the second term diminishing more quickly 


T^B 

D 


(a) 


Fig. 



very soon after the pendulum has started 
moving its deflection may he represented by 


tr, 


p 


„ sin [j)(i — r)d- <5j- 

ft i “ 


I t ■ — , o . 

I 11 “I p 

where pr = 2 np f(n? ~ ]>”)■ The motion is thorcs- 


voo. in 
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fore simple harmonic, the period being the 
same as that of the seismic wave. The phase 
is retarded by an amount pr 9 and the amplitude 
is proportional to that of the seismic wave. 
The ratio of the maximum deflection of the 
pendulum to that of the seismic wave is thus 
p 2 /l(n 2 + p 2 ). 

On the other hand, with a damping co- 
efficient of low value, so small as to approach 
zero, we have 7c =0, r= 0, 8=n i and the de- 
flection is given by 


6 = [P t cos nt -f P 2 sin nt] 


-f • 


n 


P 1 


l n 2 


-P 


; sin (pt + 5). 


Determining the constants Pi, P 2 , on the 
supposition that 0 — 0 and dd/dt = 0 when 
2=0, it can be shown that, if S is supposed 
zero, 


6 


1 . 


P 

rP - p 2 


[p sin pt-n sin nt ]. 


This shows that when the periods of the 
pendulum and the seismic wave are equal, 
or nearly so, resonance produces very large 
deflections. Undamped seismographs there- 
fore give an entirely wrong representation 
of the ground motion. Further, instruments 
in which the damping coefficient is unknown 
or cannot he numerically determined with 
accuracy are of little use in measuring the 
actual displacement during an earthquake. 

§ (2) The Record. — The relation between 
the ground displacement and that shown on 
the seismogram has now to be considered. 
This will depend on the manner in which the 
record is produced. The different methods 
which have been employed may be classed as 
mechanical, optical, and galvanometric. 

(i.) Mechanical . — In the first of these the end 
of the pendulum boom carries a pen or writing 
point which traces a record of the deflection 
of the boom on a suitably prepared surface 
which moves at constant speed parallel to 
the direction of the undisturbed boom. If 
y be the deflection on the seismogram, while 
the distance of the writing point from the 
axis is L, then y— L0, and if the damping is 
such that the pendulum is at the aperiodic 
limit 


Lamp 8 
y l(n 2 + p 2 ) 


sin {p(t- t)+ d}. 


(ii.) Optical . — With optical methods of 
registration, a mirror placed upon the avia 
of rotation reflects a fixed beam of light to a 
scale or a moving sheet of photographic paper. 
The angular deflection of the beam is twice 
that of the boom, and if the scale or photo- 
graphic paper is at a distance A from the 
mirror, 2A takes the place of L in the fore- 
going expression. 

(iii.) Galvanometric ( Galitzin ). — The method 
of galvanometric registration, introduced by 


Galitzin depends on entirely different prin- 
ciples. The boom carries at its end a hori- 
zontal coil of fine wire whose terminals are 
connected to a galvanometer. Permanent 
magnets placed above and below the coil 
induce a current in the coil when the boom 
moves, and the measurement of this current 
by the galvanometer provides the data re- 
quired for determining the motion of the 
boom. The magnitude of the current will be 
proportional to the area and number of turns 
in the coil, the strength of the field, the 
angular speed of the boom, and inversely 
proportional to the total resistance in circuit. 
It may therefore be represented by — a(d()/dt). 
The deflection <p of the galvanometer (usually 
of the moving coil type) is related to the angular 
displacement 6 of the boom by the equation 

dt 2 cZf 9 dt * 


If therefore the ground displacement is simple 
harmonic, as already supposed, we have, by 
introducing the solution of the equation for 
the aperiodic horizontal pendulum moving 
under a seismic wave of form x m sin (pt - f d). 


dt 2 




c/)~a 


l{n 2 -f p 2 ) 


sin (pt-h S j). 


where d x = 5 - pr - ( 7 r/2). It follows that 9 and 
<p are related linearly and that there is a 
difference in phase between the tw r o motions* 
The magnification can be easily obtained from 
the solution. 

§ (3) Vertical Seismometebs. — So far the 
horizontal motion of the ground has alone 
been considered. Instruments for the measure- 
ment of vertical motion are also in use. Gener- 
ally they take the form of a boom carrying a 
heavy mass, and pivoted at one end while 
being supported horizontally by a coiled 
sjmng. The equation of motion is precisely 
similar to that of a horizontal pendulum, and 
the registration of a disturbance in the vertical 
direction can be carried out by any of the 
three methods already described. 

§ (4) The Gabitzix Instruments. — The 
principles involved in seismometry find their 
most complete application in the instruments 
devised by the late Prince Boris Galitzin, and 
the following brief notes on the chief points 
in their construction may be of interest. The 
horizontal pendulum is built up on a metal 
base, plate, or frame, provided with levelling 
screws. From four rectangularly arranged 
points in the base, metal pillars, braced 
together, project vertically upwards so as to 
form a rigid framework. The suspension is 
of the Zollner type, and the inclination of 
the axis is so small that with the given 
pendulum length the period of oscillation is 
about 24 secs. The boom is a stout brass 
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rod, 28 cm. In length, and carries a cylindrical 
mass of brass weighing 7 kilograms, centring 
at a point 14 cm. from the inner end of the 
boom. Beyond the brass cylinder the boom 
carries a horizontal flat celluloid case, enclos- 
ing four horizontally arranged coils of fine 
copper wire. Above and below these coils 
permanent tungsten steel magnets are placed. 
The magnets are so supported that the dis- 
tance apart of opposing poles may he adjusted 
easily, so that the field between them may 
be kept constant when the strength of the 
magnets decreases slowly with time. The 
coils are so coupled together that the inductive 
effects of their motion in the magnetic field 
are added together, and their terminals are 
connected to two wires stretching backwards 
along the boom. The ends of the latter are 
connected to others, attached to the frame- 
work and passing to the galvanometer, by 
means of very fine slips of phosphor bronze. 
The damping "is magnetic, and for this purpose 
the boom carries at its outer end a horizontal 
brass plate which swings between the poles 
of permanent magnets placed above and below 
It. The wires from the coil system pass to 
a mirror galvanometer of the moving coil type, 
A fixed beam of light is reflected from the 
mirror, through a horizontal semi- cylindrical 
lens to a sheet of photographic paper stretched 
on a drum rotated by clockwork. The drum 
also moves uniformly in the direction of its 
axis. Its peripheral speed is 30 mm. per 
minute, and time marks are made on the 
record by shutting off the beam of light for 
two seconds at the beginning of each minute. 
The shutter is closed by an electromagnet 
energised through a contact on an accurately 
timed and rated clock. The record thus pro- 
duced is a series of curves across the sheet of 
photographic paper, and the time of any 
seismic occurrence at the place can be ascer- 
tained to within a second. The magnification 
for seismic waves of simple harmonic type 
varies with their period. For example, on 
the Eskdalenniir Observatory instruments, 
the amplitude of a wave of 20 secs, period 
is obtained in microns (*001 mm.) by multiply- 
ing the amplitude in millimetres on the seismo- 
gram by I '*2. This is a much higher yield 
in the matter of magnification than is afforded 
by any other type of seismograph, and in 
consequence the Oalitzin instraments give for 
each seismic disturbance a wealth of detail 
such as cannot be otherwise obtained, tor 
details as to the determination of the constan ts 
of these instruments, Galitzin’s Vorlesungen 
ilber $ eifflno metric* should bo consulted, i ho 
great merit of these deservedly famous .instru- 
ments lies in the fact that every detail of 
construction has been made the subject of 
careful experimental inquiry, and definite 
proof obtained that in their behaviour they 


represent an actual translation into reality 
of the solutions of the differential equations 
which express their motion. 

§ (5) The Milne Seismograph. — This in- 
strument — the design of the late Professor 
J ohn Milne, F.R.S.— was the one chosen of 
four types examined by the Seismological 
Committee of the British Association for 
a world survey of seismic phenomena com- 
mencing in the year 1897. Nineteen machines 
had previously been erected in Japan and the 
twentieth at Sliidi. 

The selection was made on account of its 
simplicity of construction and operation, 
freedom from friction, and its ability to record 
both short and long wave periods. 

Its two chief defects became apparent as 
the science advanced, viz. it magnifies the 
ground movement only six times and it is 
almost wholly undamped. 

The instrument (Fig. 6) consists of an 
extremely light boom A R of aluminium tube, 
39 inches in length and averaging | inch in 
diameter. This is supported upon a cast-iron 
column Cl), 20 inches in height, 
whose base is a tripod with 
three levelling screws at its 
angles. The forward screw 
serves for regulating th e an gle % 
to obtain the period of 18 to 20 
seconds wh ich is in general mo. 
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For the purpose of determining its sensitivity 
to tilt one of the rear screws is fitted with a 
lever and a divided scale ; one division is 
equivalent to a tilt of 1*9 seconds of are, 

The top of the column is fitted with a 
winding gear for adjusting the height of the 
boom. 

• The inner end of the boom is provided with 
an agate cup winch rests against a horizontal 
'pointed screw at the lower' on cl of the column. 
At a point about 5 Inches along the boom 
the mass M, of balanced dumb-bell type, is 
pivoted. Its weight has varied from one to 
two or three pounds. 

Just beyond the mass, at the centre of 
gravity of the assembled boom, a block is fitted 
to receive the lower end of the tie wire FI)— 
tihts upper end of which terminates in a 
nu in her of strands of unspim sil k wound 
upon the winder and constitutes the upper 
support. 




740 


SEISMOMETRY 


The outer end of the boom carries a strip 
of aluminium foil in which, is out a slit in 
line with the boom. This slit floats just 
above a second slit in the top of the recording- 
box cut at right angles to the upper slit. 

The light of a small paraffin lamp is thrown 
downwards, by an angled mirror, on to the 
top of the recording box, and penetrates at 
the point of the crossed slits, and is there 
recorded at 240 mm. per hour upon the travel- 
ling photographic film within. Due to the 
drum S on which the film is wrapped possessing 
a lateral as well as a circular motion, the trace 
is in the form of a spiral — this method proved 
to be six times more economical than the 
earlier arrangement, where a 2-inch ribbon 
33 feet long was employed. 

The interruption of the light once per 
hour either by a revolving watch-hand or 
electric shutter marked the time upon the 
trace. 

§ (6) The Omori and Wiechert Seismo- 
graphs. — Of the seismographs using mechani- 
cal registration the Omori, the Weichert, and 
Mainka are the most in use. 

As previously remarked, the lack of uni- 
formity in the friction of the writing pointers 
renders them quite unreliable where close 
comparison of records is proposed. 

In a test made on an Omori type — mass 
300 lbs., magnification 60, period 12 seconds — 
an increase of the pressure between the pointer 
and the smoked surface of one-third of a 
milligram reduced the recorded amplitude by 
47 per cent. 

(i.) The Omori Seismograph . — In this instru- 
ment (Fig. 7) the horizontal pendulum, varying 



pendulum is supported upon a stout tapered 
tubular iron column from 3 feet 4 inches to 


8 feet in height according to design. The 
bob consists of a flat cylinder of lead which is 
suspended by a wire from each side to a 
stirrup at the top of the column, where the 
adjustments are made both for position and 
period, usually 20 to 30 seconds. In some 
instances an inverted pendulum is poised 
vertically below the bob and coupled to it. 
This has the effect of increasing the astatic 
nature of the mechanism but adds to the 
mechanical friction. 

An inverted (j -shaped bracket arched over 
the bob serves the double purpose of carrying 
limiting stops for the excursions of the mass 
and provides a support for the fulcrum of a 
light aluminium multiplying lever with ratio 
usually about 10 : 1. 

The short end of the lever is a horizontal 
fork which engages with a vertical steel roller 
carried by the bob. The outer end of the 
lever carries a recording pointer comprised of 
a fine strand of glass fixed to a horizontal 
steel spindle pivoted in a jewelled fork, thus 
enabling the point of the glass fibre to rise and 
fall with the inequalities of the recording 
surface. An electric time-marker records 
minutes upon the trace. The record is made 
upon paper smoked by a paraffin flare. The 
drum of 36 inches circumference revolves once 
per hour and has a lateral traverse of one- 
sixth of ah inch per revolution. 

(ii. ) The Weichert Seismograph . — The basis of 
the Weichert seismograph {Fig. 8) is a delicately 
poised inverted pendulum which records on 
smoked paper. It is made with masses varying 
from 200 lbs. to 17 tons. A heavy cast-iron 
tripod and recording table standing about 
3 feet high carries the mechanism. The flexible 
end of the pendulum is attached to the base 
of the casting by a cardan spring connection. 
The pendulum has its centre of percussion 
I one metre above the spring, and is at this point 
connected to two thrust arms set at right 
angles to each other for the purpose of record- 
ing the motion of the bob both in the N.-S. 
and E.-W. directions. 

These arms are 25 cm. long and extend 
from the centre of the boh to a pair of double- 
ended aluminium levers whose leverage is 
10 : 1. One end of these level's operate the 
damping devices while the other ends, through 
compression struts, pass on the motion to the 
recording levers. Depending upon the posi- 
tion on the recording lever where the strut 
is placed, so the total magnification can be 
made of several values between 40 and 160 
times the ground movement. 

The damping device is in the . form of a 
cylinder with a piston suspended in such a 
position that it is just free of the sides. The 
opposite ends of the cylinder are connected 
by an adjustable valve which permits the 
air to pulsate more or less freely. The first 
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lever operates the piston through a connecting 
rod. The cylinder can be opened out until 
the damping is eliminated ; or it may be 
closed until the system becomes aperiodic. 

The writing lever is 15 cm. long and has an 



of the boom by means of an iridium pivoted 
coupler weighing ^- tT of a gram* The light 
passes through a vertical slit to a specially 
thin mirror of half-metre focal length, and 
thence to a horizontal piano -cylindrical lens 
in the recording box. The ray is here brought 
to a focal point upon a fine horizontal slit 
extending the length of the cylindrical lens. 
The part carrying the lens 
and slit hangs as a pen- 
dulum in grazing contact 
with the photographic 
film. By this means 
waves of one or two 
seconds’ period are dis- 
tinctly recorded upon the 
film with a paper speed 
of only 8 nun. per minute. 

The mass is pivoted to 
the boom by two pivots, 
which frees the boom from 
the torsional inertia of 



im, 8 . 

adjustable counter- weight for regulating the 
pressure upon the smoked paper. 

The recording sheet is pasted in the form 
of a ring which is hung upon the drum — a roller 
lies in the loop helow to keep the paper taut. 
The registering speed is normally 10 nun. 
per minute but may be raised to 30 mm. if 

desired. - . 

§ (7) Tun M-iun e-Shaw Instrument. — Hus 
(Fig. 9) is a new type of seismograph which 
was evolved from and now supersedes the 
well-known Milne apparatus. Its design was 
commenced just prior to the death of the late 
John Milne, and combines both, mechanical and 
optical magnification, together with magnetic 
damping; the instrumental friction is also 
reduced to a minimum- 

The main objects in its design are high 
magnification, ease in standardisation, low 
running cost, and simplicity in. operation. 

The general principle of tho instrument is 
such as to multiply the movements of a short 
aluminium boom (carrying 1 U>. as a steady- 
mass) by reflecting a beam of light from a uni- 
pivoted focal mirror coupled to tho outer end 


Pig. 9. 

the mass. An electrolytic copper vano 
and tungsten steel magnets are used for 
damping. 

Standardisation is specially provided for. 
By means of a flexible cable to the calibrating 
screw, a solenoid to give artificial oscillation 
to the boom, projecting lantern, mirror, and 
scales, tho period, damping coefficient, and tilt 
sensitivity may each be determined by a single 
observer from his fixed position, at tho record- 
ing box. The instrument is arranged for four 
standards of sensitivity, viz. either 150 or 
250 magnifications of the ground movement 
in conjunction with either 10 see. or 12 sec. 
period and a damping ratio of 29 : 1. These 
are tho constants adopted for this apparatus. 
By adopting appropriate units in the calibrat- 
ing scales the magnification for rapid ground 
movement is given by the simple formula 
a x 829/T, where a is the amplitude in milli- 
metres on the record and T the undamped 
period of the pendulum. Graphs suitable for 
each of tho adopted sensitivities are provided 
for reading off the true magnifications, which 
vary according to the period of tho ground 
movement. a. o. m. 

j. J. s. 
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Self-recording Instruments : 

General characteristics of. See “ Meteoro- 
logical Instruments,” § (3). 

Photographic. See ibid. §§ (3), (9) (i.). 

See also “ Thermograph,” “ Rain-gauge,” 

“ Anemobiagraph,” etc. 

Sellers or United States Standard 
Thread. See “ Gauges,” § (48). 

Shadow Bands. See “ Meteorological Optics,” 

§ ( 11 ). 

Shaft and Hole : table of fits for a series of 
shafts in normal hole. See “ Metrology,” 
VIII. § (31) (ii.). 

Shaft and Hole Bases of Tolerances on 
Cylindrical Work. See “Metrology,” 
VIII. § (30) (i). 

Shimmering. See “ Meteorological Optics,” 

§ (9). 

Sidereal Day, as Standard of Time. See 
“ Clocks and Time-keeping,” § (1). 

Sikes’ Hydrometer : a metal hydrometer for 
use in conjunction with Sikes’ tables for 
determining the strength of spirits. See 
“ Aleoholometry,” § (6). 

Sikes’ Light Hydrometer : a metal hydro- 
meter for use with strong spirits. See 
“ Aleoholometry,” § (6). 

Silica, Fused : a material with low coefficient 
of expansion. See “ Metrology,” § (4). 

Silica Metre Standard : description, 

stability of. See “Line Standards,” § (6) 
(ii.). 

Sky : 

Apparent form of. See “ Meteorological 
Optics,” § (2). 

Colours of, caused by diffraction. See ibid. 
§§ (12) and (13). 

Relative brightness of. See ibid. § (12) 
(footnote). 

Slide Rules. See “ Draughting Devices,” 
p. 275. 

Snow : equations for formation of, in adiabatic 
conditions. See “ Atmosphere, Thermo- 
dynamics of the,” § (21). 

Snow Crystals, Forms of. See “ Meteoro- 
logical Optics,” § (18). 

Snowfall, Measurement of. See “ Meteoro- 
logical Instruments,” § (15). 

Solar Constant : 

Definition of. See “ Radiation,” § (1). Also 
“ Radiant Heat and its Spectrum Distri- 
bution,” § (5). 

Determination of. See ‘ £ Radiation,” § ( 1 ) ( i. ) . 
Value of. See ibid. § (1) and §§ (1) (i.) and 
(ii.), (4) (i.). 

Variations of. See ibid. § (1). 

Solar, Radiation. See tc Radiation, Solar.” 
Amount reaching the earth. See ct Radia- 
tion,” § (3) (ii). 


Mean value of, for different latitudes. See 
ibid * § (4) (ii.). 

Reflection of, by the atmosphere. See ibid* 

§§ (3) (i-)> and (4) (i.). 

Transmission and absorption of, by the 
atmosphere. See ibid * §§ (1) (i.), (3) (ii)* 
(4) (i). 

Wave length of maximum energy of. See 
ibid . § (1). 

See also “ Solar Constant.” 

Solar Time. See “ Clocks and Time-keep- 
ing,” § (1). 

Solid, Density of a, determined by the 
hydrostatic method. See cc Balances,” 

§ ( 16 ). 

Determined by the hydrostatic method : a 
solid heavier than water and unacted on 
by water. See ibid . § (16) (i). 

Determined by the hydrostatic method : 
a solid which floats in the liquid chosen 
for the hydrostatic weighing. See ibid * 

§ (16) (Ui). 

Determined by Nicholson’s hydrometer. 
See ibid* § (16) (iv.). 

Determined by the specific gravity bottle. 
See ibid. § (16) (v.). 

Determined by the volumenometer. See 
ibid. § (16) (vL). 

Solution" -factors, use of, to determine the 
proportion of sugar in a solution from the 
specific gravity. See c< Saecharometry,” 

§ (13). 

Specific Gravity Bottle. An instrument 
for determining the density of a liquid. See 
“ Pyknometer ” ; <e Balances,” § (15) (i.). 

Specific Gravity Hydrometer. See c< Hy- 
drometers,” §§ (2), (7). 

Specific Heat of Dry Air, Ice, Water, 
W ater-vapour. See “ Atmosphere, Ther- 
modynamics of the,” § (2). Tor determination 
of, see 4 'Specific Heat,” Vol. I. 

Spirit Balances. Early forms of specific 
gravity balances, chiefly used in determining 
the strength of spirits, were termed ** spirit 
balances.” See cc Aleoholometry,” § (2). 

Spirit Ditties. For particulars of the 
methods adopted in determining the strength 
of spirits for the purpose of assessing duties 
in Austria, Belgium, France, Germany, 
Great Britain, Holland, Italy, Norway, 
Russia, Spain, Sweden, Switzerland, and the 
United States of America, see t4 Alcoholo- 
metry,” § (9). 

Spirits : determination of volume of spirits 
from their weight by means of Sikes’ hydro - 
meter. See “Aleoholometry,” § (8). 

Splines and Weights. See “ Draughting 
Devices,” p, 279. 
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Square Standard Thread. See “ Gauges,” 

§ (46). 

Squares for use in Metrology. See 
“ Gauges,” § (97). 

Standard and Reference Gauges : defini- 
tion. See “Metrology,” § (19). 

Standards, Board of Trade. See “ Metro- 
logy,” § (13). 

Standards of Length, apparatus used in 
comparisons of. See “Metrology,” § (3) 

British : definition of imperial standard yard. 

See ibid. § (7) (i.). 

Fundamental. See ibid. § (2). 

Importance of thermal expansibility of 
material. See ibid. § (4). 

(Industrial), temperature of adjustment. 
See ibid. V. § (1(>). 

Metric : definition of international prototype 
metre. See ibid. § (7) (it). 

Primary, choice of material for. See ibid. 

§ ( 4 ).‘ 

Ultimate relative merits of “ line ” bars and 
“ end ” bars. See ibid. § (4). 

Working. Sec ibid. § (2) (i.) (d). 

Standards of Mass : 

British, fundamental standard the pound 
avoirdupois. See “ Metrology,” § (8) (i.). 
Construction of. See ibid. § (4). 

Metric primary standard the international 
prototype kilogramme. See ibid. § (8) (ii. ). 

Standards of Length Measurement : 
Material of. See “ Metrology,” § (4). 
Primary. See ibid. § (2) (i.) («). 

System's of, historical and general. See 
' ibid. III. § (0). 

Standards of Time. See “ Metrology,” § (2) 
(ii.). 

Stars : 

Cause of scintillation or twinkling of. See 
“ Meteorological Optics,” § (11). 
Displacement due to refraction. Seo ibid. 
§ (4). 

Steelyard. See “ Weighing Machines,” § (4). 
Printing. See ibul. § (7). 

Stewed Reckoner. Sec article “ Calculating 
Machines,” § (4) (ii.). 

Stevenson Thermometer Screen. Seo 
“Meteorological Instruments,” § (5) (v. ). 

Stratoh mi eke : the u pper region of the atmo- 
sphere, in which there is no convection and 
where the temperature is sensibly constant 
with height. 

Definition of. See “ Atmosphere, Thermo- 
dynamics of the,” § (6). 

Distribution of temperature in. See ibid. 

§8 (4), (G). 


Effect of radiation on. See “ Radiation,” 

§ (3) (iv.). 

Explanation of. See “ Atmosphere, Ther- 
modynamics of the,” §§ (10)-(12). See 
also “ Atmosphere, Physics of,” § (6) 
(iii. ). 

Height of. See “ Atmosphere, Physics of,” 

§ (3). 

Reversal of temperature gradient in. See 
ibid. §§ (lO) and (11). 

Stability of. See “ Atmosphere, Thermo- 
dynamics of the,” § (7). 

Variation of height and temperature of. 

See “ Radiation,” § (3) (i.). 

Variation of wind in. See “ Atmosphere, 
Physics of,” § (11). 

Sugar Solutions : 

Contraction in volume of. Seo “ Saccharo- 
metry,” § (3). 

Determination of sugar content of. See 
ibid. § (7). 

Relation between specific gravity and 
sucrose content of. See ibid. § (5). 
Specific gravity of, correlated with per- 
centage of sugar in solution and tabulated. 
See ibid. § (6). 

Sugar Tables, showing percentage of sugar 
by weight correlated with degrees Baumd 
and with specific gravity. See “ Saecharo- 
motry,” § ( 12). 

Sun - pillars : columns of light stretching 
up about 15° or 20° from the sun.. See 
“ Meteorological Optics,” § (22) (v.). 
Parhelic. See ibid. §(20) (vii. ). 

Sunrise. Effect of refraction on time of. 
See “ Meteorological Optics," § (5). 

Sunshine, measurement of duration of. 
See “ Meteorological Instruments,” V. 

Sunshine Recorders : 

Campbell Stokes : 

Adjustment of. See “ Meteorological In- 
struments,” § (24) (ii.). 

Cards for. See ibid. § (24) (iv.). 
Description of. See ibid. § (24). Also 
“ Radiant H cat and its Spectrum 
Distribution,” §§ (1)*(3). 

Errors of, Seo “ Meteorological Instru- 
ments,” § (24) (iii.). 

Tabulation of records. Seo ibid. § (24) 

(v.). 

Jordan. Seo ibid. § (25). 

Sun-spot Period, variation of solar radiation 
with. See “Radiation,” § (1). 

Surface Plates. See “ Gauges,” § (95). 

Surface Tension. Inliuonco of surface tension 
on hydrometer readings. Seo “ Hydro- 
meters,” $§ (ID), (11), (14). 

Survey i no : orrom caused by refcudion. See 
“ Meteorological Optics,” § (7). 
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§ (I).— Wires and tapes are used as long 
standards of length for surveying purposes, 
and although these appear to be fragile for 
standards, they are reasonably reliable if 
properly handled. It is advisable, however, 
to have such standards compared at short 
intervals with more rigid standards, such as 
4 m., or 10-foot line bars, by some such means 
as those described below. Tapes of suitable 
material will maintain their length for some 
years, if carefully kept. For example, some 
steel tapes have been under observation at 
the National Physical Laboratory for about 
eight years without any change in length 
greater than one part in a million being 
noticeable. These tapes are used on the flat, 
that is, they are supported throughout their 
complete length. 

The section of tapes and wires is usually 
small ; for example, the steel tapes mentioned 
above have a section of x 0"-015, and it 
is important that the tapes should be standard- 
ised and used under certain specified conditions. 
As the elastic elongation of such tapes amounts 
to nearly one part in one hundred thousand 
for an alteration of 1 lb. weight in the tension 
to which they are submitted, the standard 
tension must be maintained to within 0-01 lb., 
so that the length should not vary for this 
cause by more than one part in ten millions. 
Tapes are used on the flat for the rougher 
operations of surveying in which accuracy 
greater than a few parts in 100,000 is not 
required. The tension is usually controlled 
by the use of spring dynamometers. For 
measurements made along the ground in this 
way tapes are usually subdivided and cali- 
brated so that odd lengths may be determined 
by their use. With tapes used along the 
ground, the irregularities in the surface of the 
ground prevent the attainment of the high 
precision now required for the best operations 
of surveying, consequently more accurate 
measurements are made with tapes or wires 
supported above the ground. 1 Used in this 
way the tape or wire is hanging in a natural 
catenary, the tension being applied by dead 
weights connected by means of suitable cord 
or wire which passes over ball-bearing pulleys. 
The standardisation is done under similar- 
conditions but with the tape hanging in a 
horizontal catenary, and in this case the curve 
is symmetrical about the lowest point. The 
tension is very important, and it is advisable 
to have the tape standardised with the weights 
and straining cords that will be used in the 
held. If this is not done, care must be taken 
to find the actual tension applied by the 
weights, straining cords, and connecting links 


’ S<><> article “Surveying 
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or swivels, and if this differs from the tension 
under which the tape has been standardised, 
a correction must be applied to the certified 
length, using equation (7) given below in § (3). 

§ (2) The Catenary. — The theory of tapes 
and wires in catenary is discussed fully in a 
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- convenience some of 
the equations given therein are repeated here 
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On changing the axis of x to the lowest 
point of the curve, (2) becomes 
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or, putting this in the exponential form, 
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In practice wj T is very small, and the values 
of the terms of (4) decrease rapidly. In a 
horizontal catenary y l gives the sag of the 
wire, x being half the length of the chord of 
the curve. If the tension is inci-oased the 
curve becomes more nearly that of a parabola, 
that is, the second and subsequent terms of 
(4) can be neglected. For example, in an 
invar wire of 1-65 mm. diameter, with a 
density of 8-1, the weight per metre length is 
0-01732 kg., and if T = I0 kg., the second term 
of (4) has a value of 0-005 mm. for a 24 m. wire. 

The difference X between the length of the 
curve and the chord is given in § (42), articlo 
Surveying and Surveying Instruments,” as 


x _o r /I 
A ~ X \6 X T 


A A) 


+ 




2 See article “ Surveying and Survevhur Instru- 
ments,” § (42), Vol. IV. oui.vc.j mg instill 
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In moat cases all but the first term are 
negligible and the equation becomes 

, _ _1 M> a Z® , r , 

X ~24 T 3 ’ ^ 

in which l, the nominal length of the tape or 
wire, is substituted for 2a:, an approximation 
which will not cause any error, since the actual 
length is generally well within 1 part in 10,000 
of the nominal. 

§ (3) Corrections for the Elasticity of 
the Wires. — Benoit and Guillaume 1 give the 
modulus of elasticity of hard drawn invar wire 
(1-05 mm. in diameter) as 16,000 kg. per sq. 
mm. For rolled invar tape, 1/8" x 1/50" in 
section, the modulus is about 15,000 kg. per 
sq. mm. (21-4 x 10 G lbs. per sq. in.). 

elongation is proportional to the 
and follows the law ITjKu where E 
modulus of elasticity and <r is the 


. The 
tension 
is the 
section. 

If the wire or tapes are used in catenary, 
there is also a change in the catenary curve 
with alteration in the tension, the sag decreas- 
ing when the tension is increased, resulting 
in an increase in the length of the chord. 
The sag is inversely proportional to the tension, 
and the alteration in the length follows the 
equation (5) 

1 ?e 2 / 3 
X *~24 T 2 ’ 

This is inversely proportional to the square of 
the tension. Hence the apparent elongation 
of a tape or wire in catenary under varying 
tension is very closely 


IT 
E i' 


1 wH 3 
'24 T a ' 


( 6 ) 


Taking a 24 m. tape of 1/8" x 1/50" in 
section as an example, the constants Z/Etr 
and «j 2 Z 3 /24 are 0-993 and 95-9 respectively 
expressed in mm., the weight per metre being 
0*0129 kg. Some observations made at tile 
National Physical Laboratory on such a tape 
(No. 10) gave the following results : 


accepted length under a tension of 10 kg. 
weight closely follow the observed values, and 
this over the very large range from 5 kg. to 
15 kg. Working up the same sot of observa- 
tions by least squares the excess of the lengths 
over 24 m. is given by the following : 


7-225 + 0-993GT 


97-05\ 
T “ ) 


mm. 


and the values and residuals calculated from 
this are given in the last two columns. The 
smallness of the residuals of the last column 
indicates that the observations are consistent 
to something better than one part in two 
millions, and that the constants (which were 
deduced from various tapes of this type) used 
in calculating the values of column 3 are 
not quite the best for this particular tape 
No. 16. 

As a test in the straining apparatus in use 
at the Laboratory the following observations 
wore made on the length of No. 16 under 
tensions differing by about 0*01 kg. 


Tone ion. 

ExoeflH 
Length# 
ovw 24 in. 

Differences. 

Oalmihittul 
1*1 85 (5T. 

ObfiprvtMl - 

Caloulatml. 


mm. 

mm. 

mm, 

mm* 

10 

1*730 

.* „ 

• • 

, . 

10*01 

1 *740 

0*010 

0*012 

-0*002 

10*02 

1*755 

0*025 

0*024 

4-0*001 

10*035 

1*773 

0*043 

0-041 

H 0*002 

10*05 

1*787 

0*057 

0*051) 

-0*002 


For small changes in tension wo may differen- 
tiate equation (6) thus : 


Al 

5T 


l 

: Eer 


1 wH 3 
12 T a ' 


(7) 


IVimmti kg. 

Kxoewi 
Length 
over 2i in. 

Oa Undated 

O litter ved- 

By Lea«t BquaifM. 

Weight. 

CoiiHtantH. 

(Jalouhiteil. 

Calculated, 

o c. 


mm. 

m in. 

mm. 

nun. 

nun. 

5 

— t)*I4 

-(Ml 

- 0*03 

-(>•14 

0*00 

(1*5 

- 3*0<> 

- 3*00 

- 0-00 

-3*0(1 

0-00 

8 

- 0*79 

- 0*75) 

0*00 

- 0*79 

0*00 

10 

1*73 

(1*73) 

, * 

I *74 

- 0*01 

12 

4-02 

4*01 

10*01 

4*02 

0*00 

13*5 

r>*<)7 

5*(>3 

i 0*04 

5 *(>(> 

1 0*01 

15 

7*24 

7 *22 

| 0*02 

7*25 

-0*01 


The residuals given in column 4 show that 
the theoretical lengths calculated from the 
1 La Mature rap Me dot bases t/dodtfs iques. 


Taking IfEcr and wH 3 / 24 as 0*993 and 95*9 
as before, and T being 10 kg. 

Al — 1*185 5T, 

and from this the calculated values given in 
the fourth column are deduced. The observa- 
tions were made under microscopes, and the 
residuals indicate that the results 
are accurate to something better 
than one part in ten millions, 
and that the straining apparatus 
used (see § (11)) is satisfactory. 

The first term of equation (7) 
shows that the greater the section 
the smaller will be the elastic 
elongation accompanying an in- 
crease in tension, and it follows 
that if the uncertainty of the ten- 
sion is 0*02 kg. it will* lie necessary 
to have the section at least 
0*02 x JO 8 / 16000, Lc, 1*25 sq. mm. in order 
that the uncertainty of the elongation may 
be within one part in a million. 
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On the other hand, the section must not be 
too great, for the greater the section the greater 
the sag, and the greater will be the alterations J 
in length (neglecting for the moment the elastic 
elongation) between the terminal graduations 
of the tape due to variations in the tension. 
Considering the second term of (7), 

Al __ I vPP 

grp- 12 T 3 ’ 

is true, if we assume for the time being that the 
tape is inextensible. 

From this, 

1 /wl\% 5T 

1 “I2 Vt; T 

If we keep A Ijl within one part in two millions 
and 5T = O02, whilst T is of the order of 10 
kg*, this equation gives T/wl = 20 about, or T 
should be about 20 times the total weight ( wl ) 
of the tape* According to this rule, of the five 
examples given in the table below, the 48 m. 
wire and the 50 m. tape should be submitted 
to a stronger tension than 10 kg. weight. 
Twenty times the total iveight of the 48 m. 
wire and of the 50 m* tape give 17 and 13 kg. 
weight respectively. The corrections of this 
table are, however, given for these examples 
since such tapes and wires are already in 
common use in the field. 

The following table shows the numerical 
values of the effect of an increase of 0*01 kg. 
or 0*025 lb. in the tension in five examples of 
tapes and wires : 


the tape itself in the same way as it will 
affect the force supplied by the straining 
masses. 

The correction can be deduced from (7) 
above, and will be as follows : 



where g 2 and g x are the values of gravity at 
the base and at the standardising station 
respectively. 

If, on the other hand, the tension is applied 
by means of spring dynamometers the effect 
of variations in gravity will affect the catenary 
curve, and not the elastic elongation. In this 
case, however, the greater the value of g the 
greater the sag, and hence the correction is 
opposite in sign from that considered above 
when the tension is applied by weights. 

The effect in the length will be (see equation 

( 7 )) 

Al -m w{^r) T - • * (9) 

For example, a 24 m. tape, section x 
tension 10 kg., standardised in London, will 
be shorter in Johannesburg, the tension being 
applied by the same masses at the two places. 
Here ^ = 981-19 and g» = 978-49, and the 
correction to the standardised value, as given 
by (8), is —0-027 mm. 

On the other hand, if the same tape is used 
with spring dynamometers the correction as 
given by (9) is + 0-005 mm. 


Table I 


Increase in Length accompanying Increase in Tension 



Tension. 

Section. 

Variation for 0*01 kg. 

Elastic. 

Curve. 

Total. 




mm. 

mm. 

mm. 

24 m. Wire 

10 kg. 

2-138 sq. mm. 

0-0070 

0-0034 

0-0104 

48 m. Wire 

10 „ 

2*138 sq. mm. 

0*0140 

0*0270 

0-0410 

24 m. Tape 

10 „ 

1/8"' x 1/50" 

0-0099 

0*0019 

0*0118 

50 m. Tape 

10 „ 

1/8" x 1/50" 

0-0207 

0*0171 

0*0378 




Variation per 0*025 lb* 




it. 

ft. 

ft. 

100 it. Tape 

20 lbs. 

1/8" x 1/50" 

0*000047 

0-000019 

0*00000 5 


The values for the 24 m. and 48 m. wires are taken from La Mesure rapide des bases otodtslqiies, 
Benoit et Guillaume. 


§ (4) The Effect of Variations in g . — If 
a tape or wire is to be used in a country in 
which the value of g is different from that 
obtaining in the place at which it has been 
standardised, a correction has to be applied 
assuming that the same masses are used in 
each case for the purposes of straining the 
tape. The variations in g will, in this case, 
only affect the elastic elongation, and will 
not cause any variation in the catenary curve, 
since the change in g will affect the weight of 


§ (5) Effect of Temperature.— -Owing to 
the difficulty of determining the tempera- 
ture of tapes or wires in the field, steel 
tapes, which have a coefficient of thermal 
expansion of 0*000011 per 1° G., cannot be 
used to the high precision required in base 
measurements. Consequently invar tapes or 
wires are now almost universally used. The 
coefficient of thermal expansion of invar 
tapes of the best grade is about one- 
fifteenth of that of steel, whilst that of invar 




SURVEYING TAPES AND WIRES 


747 


wires is often, so small that it is practically 
negligible. 

For a tape with a coefficient of 0-7 x 10~ f> 
for 1° C. an error of 1*4° 0. in the estimation 
of the atmospheric temperature to which the 
tape is submitted will result in an error of one 
part in a million in the length. In the 
laboratory, the temperature can be determined 
to 0*2° 0. with fair certitude, and in the field 
an error of 1*4° 0. should be unusual under 
reasonable conditions. 

§ (6) Secular Change in Length.— Invar 
tapes or wires are liable to secular change of 
the same order as that already discussed for 
invar bars, and this can be reduced by suitable 
heat treatment as mentioned above. 1 

Some tapes belonging to the National 
Physical Laboratory were artificially aged in 
1908. They are, however, still increasing in 
length, at a rate of about 0-6 part in a million 
per annum. 2 

§ (7) Effect of coiling Invar Tapes and 
Wires.— It is important that the diameter 
of the drums should be large enough to prevent 
any permanent alteration in the lengths as the 
tapes or wires are repeatedly coiled and un- 
coiled. Benoit and Guillaume 3 recommend 
the use of drums having a diameter of 50 cm., 
and show that after the first few times they 
are coiled the lengths of wires are not further 
affected by continual coiling on drums of 
this size. These drums are of metal, and are 
of special design so that the “ reglottes ” 
which bear the graduations can be satis- 
factorily housed without fear of damage. 
The standard tapes of the National Physical 
Laboratory are coiled on drums made of three- 
ply wood and turned to a diameter of at least 
GO cm, (boo Fig. 2). The tapes are finished 



with eyelets riveted to the tape as shown, and 
the eyelet at one end slips over the pin i\ one 
side of the drum being cut away to facilitate 
this. The width of the drum is only slightly 

1 Sec :u'l iclc “ Lino KI'.sukI arils of Lcnulli,” § (5). 

Sec article “ Invar ami Klinvur,” Vol. V. 

“ Lit Menu re ntjiide den bases i/evddisiqucs. 


greater than the width of the tape so that the 
tape coils on itself. The figure shows a light 
type of drum suitable for use in the field 
requiring no coiling apparatus. The disc D 
runs freely on a pivot ; the operator inserts 
one hand under the strap S and grips the disc, 
whilst the coiling is done with the aid of the 
handle H. The coiling of a tape on these 
repeated over forty times has not caused any 
observable variation in the length of the tape. 

§ (8) Standardisation. The 50 m. Base at 
the National Physical Laboratory. — This 
is a mural bench connected to the wall at the 
back of the main rooms in the Metrology Build- 
ing, and was built in 1908. Special apparatus 
installed by the Cambridge Scientific Instru- 
ment Company in .1909 enables the bench to 
be used as a large comparator. The bench is 
4 ft. 8 in. above floor level of the corridor in 
which it is situated. It was placed at this 
height because it may, at some future time, 
he increased to 100 metres in length when this 
height may be required to accommodate wires 
in catenary with a large sag. The bench 
is built of brick covered with polished slate 
13 in. in width. At intervals of every 4 m., 
and at various important points, such as 50 ft., 
06 ft., 25 m., 100 ft., etc., blocks of Portland 
stone have been built into the brickwork, and 
those bear bench marks on nickel-stool blocks 
lot into the stone. The upper surfaces of the 
nickel-steel blocks have been carefully levelled 
and are all in one horizontal piano to within 
0-6 mm. Each of these surfaces has been 
graduated with a series of linos, a millimetre 
apart, set at right angles to the length of the 
bench, and one of these lines, specially marked 
with a centre dot, is the defining lino of that 
particular length of the bench measured from 
the zero mark. The edges of the invar blocks 
have boon also carefully aligned so that they 
are in one vertical plane to within 0-8 mm. 
The 4 m. lengths are determined by comparison 
with a 4 m. standard bar by moans of apparatus 
described below, and as these measured lengths 
are finally added together to give the long 
lengths of the bench, it is important that the 
levelling and alignment should he done to a 
sufficient accuracy to prevent any error 
accruing from this cause. The bench marks 
are, however, very satisfactory, for if each 
block were 045 mm. out of lino in both planes, 
the resulting error in length would not exceed 
one part in ton millions in the worst conceiv- 
able ease. 

§(9) Measuring Apparatus. — This con- 
sists of two microscope carriages, each sup- 
plied with two microscopes and a telescope, 
a carriage for the 4 m. liar, a railway running 
throughout the length of the bench to which 
the three carriages can he gripped at any de- 
sired position, and two collimators, one 'fixed 
at each end of the bench. 
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A general view of one end of the bench is with reference to the lower part, whilst the 
given in Fig . 3, and here can be seen the rails, vertical screw b gives the levelling adjustment, 
one of the carriages, and one of the collimators. A collimator (C*) near the front of the bench 
The rails are in 13 ft. lengths of steel rod and outside the O mark controls the adjust- 
ixx diameter, and are supported on cast- ment of the carriage A, whilst collimator 0 2 , 
iron sleepers embedded m the slate. The near the back of the bench and set beyond the 



Fig. 3. 


sleepers are ft. apart, and each supports the 
rails vertically by means of adjusting screws. 
Every second sleeper is large enough to sup- 
port the ends of the rods where they are nearly 
butted together, each rod being supported by 
means of three screws, one underneath sup- 
porting it vertically, and two acting in opposite 
directions controlling the alignment horizont- 


50 m. mark, controls the setting of carriage B. 
The collimator at each end gives a beam of 
parallel light throughout the length of the 
bench, and the carriage is adjusted by means 
of the micrometer screws until the image of 
the cross-wires of the collimator is brought 
into coincidence with the cross-wires of the 
telescope (T x ). The measurement of a 4 m. 



ally and vertically. The front rail has to length of tlie bench by comparison with a 4 m. 
be carefully aligned as the carriages grip this standard bar is illustrated in the accompanying 
rail, whilst they only slide on the back rail, diagrammatical sketch {Fig. 4). The carriage 
Consequently the latter only needs lining up for the 4 m. bar rests between the two micro- 
horizontally. Each microscope carriage is scope carriages, and the 4 m. bar is supported on 
made in two parts, the lower resting on the rollers in two stirrups which are placed at the 
rails. The upper part, to which are connected Airy points. The position of the bar and the 
the microscopes and the telescope, is pivoted focussing to the microscopes M x and M 2 are 
to the lower part at a point c {Fig. 4), and is controlled by the adjustment screws d and e. 
supplied with micrometer adjustments a and 6, The carriages being collimated and the 4 m. 
the horizontal screw a giving a small rotation bar focussed correctly, readings are made 
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with the four micrometer microscopes on the 
lines on the bar and bench marks* The car- 
riages A and B are then interchanged, reset 
with reference to their respective collimators, 
the 4 mu bar refocussed and microscope readings 
again made. The optical and mechanical 
magnification of the microscopes is such that 
one division (1*5 mm, in length) on the micro- 
meter drum represents 2 p (0*002 mm..), and 
by estimation readings can be made to 0*2 p. 
The two microscopes of a carriage are only 
approximately set up, so that the line joining 
the focal points is square to the length of the 
bench ; lienee the four microscopes in the 
first setting may be placed in plan as indicated 
below ( Mg . 5a). 


Cant age A 
A 

-o— 


M; 


Carriage B 

-<b* 


-o~ 


l 


3?IG. 5 A. 


— /, r* — 

' 1 I 


The readings of the microscopes m 1; m a , m 3 , 
and m,i will give the following equation for 
the length L between the two defining lines 
of the 4 m. stop of the bench : 


L = 4 m. bar -I- {l + / i) 4- (wig + m 2 ) — (wq -+■ w. 4 ). 


After interchanging the carriages (Fig. 5b), 
however, the positions of M x and M 3 in the 
second setting are parallel to the positions of 


Carriage B 


Carriage A 


M l 

1 *'1 




M. 


, M- 

■d> ' 


PIG. 5 It. 


’ l ‘f 


the same microscopes in the first setting if tho 
collimating is done accurately, and similarly 
in tho case of microscopes M 2 and M,,. Hence 
from the second setting tho following is 
obtained : 

L = 4 m. bar — (l + l>i) + ( m i + m n') ~ ( m -/ + m a')- 

In taking the mean of these two equations, 
the unknown l + arc eliminated, and the 
differences between the length of the 4 m. 
step in the bench under standardisation and 
the length of the 4 m. bar can bo directly 
expressed in terms of the eight microscope 
readings. 

The carriages are then all moved on to the 
next step, and the operations repeated. 

The value of l + /, can bo determined in 
each stop by the difference between tho two 
observational equations given above, and the 


agreement in the values obtained in the 
successive steps gives a valuable check on 
the accuracy of the collimation. It is found 
that this can be done to ± 2 /x in a 4 m. length, 
hence the probable error in one determination 
of a 24 m. length will not exceed 2*/6=5 g 
due to this cause. 

§ (10) Tape Measurement. — Since the 
bench is continually changing its length, the 
determined length is compared with one or 
more standard tapes or wires used in catenary 
suspension, immediately before and after the 
measurements are made with the 4 m. bar. 
This is done under microscopes, the field of the 
microscopes being large enough to give a good 
view both of the bench mark and also of the 
graduations on the tape. The tape is sus- 
pended just in front of the bench, the standard 
tension being applied by dead weights, the 
straining wires or cords running over ball- 
bearing pulleys, which are placed one at each 
end beyond the bench. One of these pulleys 
is seen in the view of one end of the bench 
{Fig. 3). If the full 50 m. length of the base 
is not in use, straining wires which are sup- 
ported over ball races at intervals, are 
connected to the tape. The tension is thus 
applied horizontally, and the laboratory 
standard wires and tapes are standardised 
and used in this way. If, however, the tapes 
or wires are for use in the field where tlie ten- 
sion is generally applied tangentially to the 
catenary curve, a small correction, has to be 
applied. 

Trom (1) and (2) 

T -T 0 ~w(y -c), 

w/j2/v»2 

= | ..... from (4). 

J. 0 

In a 48 in. wire of tho ordinary type 1-65 
mm. in diameter used under 10 kg. weight x 
becomes 24 and the value of T - T 0 is 0-0086 kg. 
The effect of this on the length can be deduced 
from equation (7), or more quickly from the 
second lino of Table 1 above, from whence 
the correction is 0-0080/0-01 x 0-0416 =0-036 
mm. Since the tangential tension is greater 
than the horizontal tension, the length of this 
wire used under 10 kg. tangential tension will 
he 0-030 mm. shorter than it would be when 
standardised under 10 kg. horizontal tension. 
For a 24 m. wire the correction will bo only 
0-002 mm., which is practically a negligible 
amount. 

The above method of building up a length 
on the bench in 4 m. steps and transferring it 
to standard tapes is somewhat slow, requiring 
some eight or nine hours'’ continual observa- 
tions to complete. The following method o:f 
determining the length of a standard tape 
in a series of 4 m. catenaries by direct 
comparison with the 4 m. line standard is 
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more reliable and is quicker, taking less than 
two hours. For this purpose four 24 m. in war 
tapes have been graduated at the Laboratory 
every 4 metres, the graduations at each point 
consisting of 11 lines in 5 mm. length, the 
lines being spaced 0*5 mm. apart. The tape 
under measurement and strained under a 
tension of 10 kg. weight, is supported on 
ball-bearing rollers at every 4 m. above the 
level of the bench so that it lies in six 4 m. 
catenaries, the rollers all being first carefully 
levelled and aligned. One 4 m. step under 
observation passes over the 4 m. bar, and is 
then supported over two small rollers placed 
on the neutral plane of the bar. The micro- 
scope carriages are placed with the microscopes 
in the central holders over the points 0 and 
4 m. of the standard bar, and are locked to 
the rails. The bar is focussed, and readings 
made on the lines 0 and 4 m., the tape being 
temporarily raised above the bar and moved 
slightly on one side so that the lines on the 
bar can be viewed. The tape is replaced, 
and the bar is lowered until the graduations 
on the step of the tape under observation 
are focussed. Readings are then made on 
each pair of lines nominally 4 m. apart, and 
the mean of the deduced values is taken as 
the length of the particular length concerned. 

The temperature of the bar is taken by 
means of two thermometers that lie in the 
channel beside the graduated surface of the 
line standard, and the temperature of the tape 
is assumed to be the same. The probable 
error of this assumption is small, because the 
length of the tape under measurement lies 
within the groove of the H form of the 
standard har. The relative coefficient of 
expansion of the standard bar and tape is 
only 0-4 x 10~ 6 per 1° C., and that of the 
tape is 0*7 x 10- s per 1° C. Hence if the real 
temperature of the tape differed by 0T° C. 
from that of the bar, and also differed 0T° C. 
from the assumed temperature, the error in 
the accepted length of the tape would not 
exceed 1 part in nine millions. 

The straining wires are made in 4 m. lengths 
and one of them is detached, the 24 m. tape 
is drawn along until the next 4 m. length of 
the tape is under the microscopes : the 4 nx 
length of straining wire is connected up to 
the other end of the tape, the tension is 
applied, and all is ready for the measurement of 
the next step, and the operations are repeated 
until all the six steps are measured. 

In this case there is no necessity for the 
collimation of the carriages, since both the 
standard bar and the tape are viewed under 
the same pair of microscopes. All four tapes 
have been measured in this way at intervals, 
and the results indicate that the determina- 
tion of one tape is reliable to 1 part in two 
millions. 


So that these tapes can he used as standards 
from which others can be compared, ball- 
bearing rollers have been placed in front of 
each bench mark, so that the tape is sup- 
ported at each 4 m. length at the level 
of the bench, that is, the tapes are used in 
the same way as they have been compared 
with the 4 m. bar. 

Tapes or wires which will be used in the 
ordinary way for surveying purposes are 
determined in simple catenary suspension 
by comparison with standard tapes of the same 
nominal length. In this case the bench is 
used simply as a comparator, the known and 
unknown tapes being compared either with the 
bench marks by eye, or by taking readings 
under the microscopes. 

§ (11) Application- of the Tension. — The 
tension is applied by dead weights acting on 
straining cords, or wires over two pulleys 
one at each end. The effect of the friction 
of the pulleys and the straining cords has to 
be eliminated when taking observations on a 
tape or wire. This is done by first pulling 
the tape until the desired lines are under the 
microscopes and readings made. The actual 
tension on the tape is slightly greater than 
that given by the dead weight by the force 
required to overcome friction. The tape is 
pulled a short distance, and is then pushed 
back until the lines are again under the micro- 
scopes. In this ease the tension on the tape 
is less than that given by the dead weight 
by the force required to overcome friction. 
The mean of the two observations gives the 
length of the tape as compared with the 
distance between the microscopes under the 
tension given by the weights. 

This method is used in all readings made 
on tapes, whether the latter are used in 
catenary suspension, or when supported on 
the flat. 

At times it is more convenient to anchor 
the tape at one end, using a dead weight over 
a pulley at the other end as a means of apply- 
ing the tension required, instead of the 
pulleys at each end. It is necessary, how- 
ever, that the observations should be made 
under the conditions, described above, im- 
posed for the elimination of friction. The 
two methods give identical results within the 
errors of observation. 

The pulleys must be well balanced, and the 
turned surface must be truly circular and 
should be tested from time to time. 

§ (12) Thermal and Secular. Change of 
the 50 m. Bench at the National Physical 
Laboratory. — The lengths of the bench are 
continually, if slowly, changing under varia- 
tions in temperatures, and possibly under 
change in the humidity of the atmosphere- 
There is also a secular change due to the 
tendency of the wall to flatten out under the 
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force of gravity* As a result of this the bench 
lengthens. 

The thermal and secular change can be seen 
in the upper part of the diagram (Fig. 6), in 
which the variations of the 100 ft. length from 
mark 50 ft. to mark 150 ft. are plotted. The 
temperature of the bench at the time of each 
measurement is also shown in this diagram, 
and the similarity in the two upper curves 
plainly indicates the connection between the 
variations in length and temperature. 

In the lower part of the diagram a full- 
line curve is drawn evenly through plotted 
points. These points represent the upper 
curve after the probable variations in length, 
due to changes in the surface temperature, 


the adjusted observations made at or near 
normal temperature, neglecting those obtained 
during any hot spells of weather. This curve 
gives approximately the secular growth of the 
base apart from temperature changes, and 
the rate of the growth amounts to 7 parts in a 
million per annum. 

The over-all length of the bench 0 to 50 
metres has increased by 2*3 mm., or 46 parts 
in a million during six years, and this gives 
an average rate of growth of between 7 and 8 
parts in a million per annum, which agrees 
reasonably with that obtained in the length 
from 50 ft. to 150 ft. marks. 

Owing to the pressure of war work under- 
taken by the Laboratory, no observations 
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100*010 

100*000 

100*008 

100*007 

100*000 

100*005 
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have been subtracted from the observed 
lengths ; the amount subtracted being based 
on a value for the superficial expansion of 
the bench with surface-temperature changes, 
deduced from actual observations over some 
four years. The plotted points seldom leave 
the full-line curve more than 0*0002 ft. or 
0*0003 ft., i.e. 2 or 3 parts in a million, but 
the curve is still somewhat irregular. This 
is mainly due to the summer effects, which 
may be attributed to general temperature 
changes in the body of the masonry as distinct 
from the surface variations, for which allow- 
ance has been made in drawing the full-line 
curve. Winter effects are not noticeable 
because the corridor is artificially warmed in 
the winter months to standard temperature, 
from which large departures are found only 
in hot summers. 

The dotted smooth curve is drawn through 


were made on the bench during 1915 to 
1919, and this accounts for the gap in the 
diagram. 

§(13) Tapes used on the Flat. — As 
already mentioned, tapes supported on the 
flat cannot generally be used in the field to 
the highest accuracy owing to the irregularity 
of the ground, and if these tapes are made in 
steel there is also the difficulty of determining 
their temperatures, with resulting errors in 
the measurements obtained by their use. 
The thermal coefficient of expansion of steel 
tapes is about 0*00001 1 per 1° 0., which 
indicates that the temperature must he known 
to a higher accuracy than 1° Cl, so that the 
error of measurement will not exceed 1 part 
in 100,000. It is, however, difficult to deter- 
mine the temperature of the tape in the field 
to this accuracy, hence such tapes are not 
usually standardised to an accuracy greater 
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than I part in 100,000. Ry taking pre- 
cautions as to temperature, however, labora- 
tory standard steel tapes are determined to 
an accuracy of the order of 1 part in a million. 
These are subdivided tapes,* and have been 
calibrated, and unknown tapes are standard- 
ised by comparison with these on the 50 m. 
bench. 

The calibration of the subdivisions of a 
standard divided tape is done in practically 
the same way in which a divided line standard 
is calibrated in a subdividing comparator. 1 
The microscope carriages are placed a distance 
apart which approximately corresponds with, 
say, one-tenth of the total length of the tape, 
and these ten subdivisions are compared by 
bringing each successive one-tenth part of the 
tape for observation under the microscopes. 
By continuing the process in the same way as 
that described for a line standard, a subdivided 


and discharges it at a point near the centre 
under a baffle plate. The temperature is 
taken by thermometers placed at intervals 
in the water, and after 15 or 20 minutes' stir- 
ring, the temperature is even throughout to 
within 0T° 0. about. 

Microscope holders have been built into the 
wall at suitable points such as 0, 10 m., 
50 ft., 20 m., 66 ft., 24 m-, 150 ft., 50 m., 
so that any length in general use can be 
dealt with. 

The tapes or wires are anchored at one end 
to bell-crank levers connected to a cast-iron 
support which can be secured to the tank at* 
suitable points. The other ends are con- 
nected to straining wires which, after going 
round pulleys in two independent inverted 
U -pieces bridging the end of the tank, pass 
over ball-bearing pulleys and are attached to 
weights. The arrangement is shown diagram- 
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length can be determined in terms of the 
over-all length of the tape. Provided that 
the length of the tape is less than the one- 
half the total length of the bench, the 
operation of calibration can be done fairly 
quickly by having the straining wire made 
up with suitable lengths, so that the various 
lengths of the tape can be viewed under the 
microscopes. 

§ (14) Thermal Coefficient of Expansion. 
— In the same corridor as the 50 m. bench but 
against the opposite long wall (south) a 50 m, 
tank has been built. This has been designed 
to give the relative coefficient of expansion of 
two tapes or wires. 

The tapes or wires under observation are 
submerged in water which is applied hot or 
at ordinary temperatures. To obtain low 
temperatures ice is placed in the tank itself. 
The tank is suitably lagged, and is covered 
throughout with removable wooden blocks 
2 in. thick and 6 in. in width. The water is 
stirred by a centrifugal pump, which draws 
water from either or both ends of the tank 

1 See article ce Line Standards of Length,” § (12). 


matically in Fig . 7. Each of the two U -pieces 
is supported by two woven copper cords w 
connected to a casting bolted to beams 8 ft. 
above the tank. They are provided with 
levels (L) and plumb-bobs connected to the 
overhead casting, and to these the U -pieces 
are adjusted before any readings are made. 
By this means no component force, due to 
the weight of the U -pieces, is brought to bear 
on the tapes. 

Since the catenary curve would cause the 
tape to foul the bottom of the tank, the tape 
is supported, at intervals of about 6 metres, by 
transverse supports (C) that are connected 
by cords to the overhead beams, and the 
position of each of these supports is controlled 
by plumb-bobs (B) so that no force (due to 
the weight of the supports) in the direction 
of the length of the tape is exerted. Points 
(D) on the supports and on the U -pieces are 
all brought to water level by levelling 
screws (such as A on the U -pieces) acting 
on levers to which the supporting cords are 
attached. 

Adjusting screws {n x and n 2 ) acting on the 
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horizontal arm o£ each of th© bell- crank levers 
give a small adjustment to the longitudinal 
position of the tape. 

In the diagram the far tape is shown in 
position under the two fixed micrometer 
microscopes (M x , M 2 ). By means of the 
screw n 19 the tape is pulled until the lines 
under observation are brought into the field 
of the microscopes. Readings are then made. 
The tape is pulled further, the screw is then 
unscrewed until the line is again in position, 
and readings repeated. This operation is 
always done to eliminate any friction that may 
exist in the pulley (P x ). The two tapes are 
then forced towards the back of the tank so 
that the second tape can be viewed under the 
microscopes. This is done by three move- 
ments. The bell- crank levers are connected 
to a sleeve (S x ) that slides on a spindle (R) 
fixed to the easting. The tie-bars (T x ) are 
attached to a similar sleeve (S 2 ) sliding on 
a bar (R a ) bolted to a transverse wall at the 
end of the corridor. The other pair of tie- 
bars (T 2 ) that support the pulleys ( 1%, P 2 ), the 
supporting cords, and plumb-hob cords of the 
U -pieces are all connected to a third sleeve 
sliding on a bar fixed to the overhead casting, 
not seen in the diagram. All three sleeves are 
moved to stops, of which two (31 x and K a ) are 
shown, and the second tape is then ready for 
observation. 

Observations made alternately on the two 
tapes are repeated three or four times, and the 
difference in the mean readings on each tape 
gives the difference in the lengths of the 
tapes at the temperature of the water in the 
tank. 

The water is replaced by water of a different 
temperature, and simi lar observations made 
on the tapes. It is usual to take observations 
at five or six temperatures ranging from 1° to 

32° a 

§(15) Determination of the Absolute 
Coefficient of Expansion.’ — The coefficient 
of expansion of the laboratory standard 50 in. 
tape. No. 13, has been determined absolutely, 
and from this the coefficients of other tape 
or wires have been obtained by the method 
dose ri bed abo ve. 

If the distance between the focal points of 
the micromotor in icroseopes could be relied 
on not to change, it would only be necessary 
to take observations on a tape at different 
torn peraturoB. Owing, however, to the time 
required in changing the water and stirring, 
etc., a suitable scries of observations takes 
two days. Moreover, the south wall to which 
the microscopes are fixed is an outer wall, 
and is submitted to some considerable varia- 
tions in. temperature, especially on sunny days. 

< Vuiseqnently it is necessary to correct the 
readings for any movement of the wall that 
may occur during the time required for the 


'observations. This movement affects the 
measurements on the tape in two ways, by 
the longitudinal expansion or contraction of 
the wall, and by rotation of ttie microscope 
holder about an axis transverse to the length 
of the tape. 

Tape No. 13 was tested in 24 m. lengths, 
and the longitudinal expansion, of the wall 
was measured by stringing an invar 24 m. 
wire (1*65 mm. diameter) in catenary suspen- 
sion to the microscope holders themselves, 
and the corrections for this movement were 
deduced from measurements made on. the 
sag of the wire at the time observations 
were made on the tape. The wire was 
entirely above the tank, and only exposed 
to the changes in the air temperature of the 
corridor. 

The wire was previously examined so that 
the corrections could be obtained from varia- 
tions in the sag. This was done on the bench 
by observations made on the variations in the 
lengths and in the sag of wire under various 
tensions. The ratio dyjdl of the change in the 
sag to the change in the chord length was de- 
termined from the observations* and is plotted 
against the measured ch ord lengths of the wire 
in the graph (Fig. 8). This shows that at a 


4jl 



tension of about 6*5 kg. dyjdl — 15 about, that 
is to say, that under this condition the 
measured variation in the sag is 15 times the 
correction to be applied to the distance between 
the microscopes. 

This operation can be treated mathematic- 
ally as follows : 

From (4) 

1 'W 

y — 0 tt, » a (tho other terms being negligible), 

<y 1 

or _/ 

dT ~ r*’ 

whore f ~ t w p> m 
From (6) 

£T 1 tv~P 

l — k 4- wr r - ivi mo where Jc is a constant, 
Kit 24 T* ' 

3 q 


VOL lit 
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and since th.e second, and third terms of the 
right side of the equation are small, we may 
treat l as a constant. 

dl _ 2 b 

"dT— ‘ ® + T»* 


equations deduced from these two sets of 
readings may be written as follows : 

Length of tape at 9 l = D x + d 19 

TV 

Length of tape at — D 2 + = D x +• + d s . 


where a = Z/E<r, and b — A-r wH s . 


dZ_ 

dy 


a T 2 26 

- f f T 


Differentiating again, and equating the 
result with 0 , dljdy is a minimum when 

T = 3 /T 
V 7 a* 

and substituting this in the last equation, 
dy f 

dr= — — - 1~7 is at a maximum. 
dl 3 cA&sr 


The constants 6, and / can be evalu- 
ated from the constants of the wire, viz. 
Z= 24 metres; E x = 16,000 kg. per sq. mm.; 
w = 001732 kg. per metre; <7 = (tt/ 4)1‘65 2 sq. 
mm. ; and from these it is found that at a 
tension of 6-45 kg. dyjdl has a maximum value 
of 15-1. This value confirms the practical 
result given in. the graph. {Fig. 8). 

Having determined the connection between 
the sag of the wire and its length by this 
means, the wire was then fixed, to the micro- 
scope holders at a certain tension, and suitable 
means of measuring the sag at any moment 
were arranged. The latter was done by fixing 
a cast-iron bracket to the wall, to which a 
micrometer working vertically below the wire 
was fitted so that the position of the wire 
could he measured at the lowest point of the 
curve. Observations were made with the 
micrometer at the same time that microscope 
readings were obtained on the graduations 
at each end of the tape, and these micrometer 
observations supplied the information by 
means of which the amount of lateral move- 
ment of the wall between, the microscopes could 
be determined and allowed for. For example, 
observations were made on the length of the 
tape as compared with the distance (D L ) 
between the microscopes then existing, by 
taking microscope readings on the graduations 
of the tape, whilst readings were also made 
on the position of the wire at the lowest point 
of the curve, the temperature of the water in 
the tank and of the tape being 6 r The water 
temperature was then increased to & 2 and 
similar micrometer and. microscope observa- 
tions obtained, the distance between the 
microscopes being D 2 . If the difference be- 
tween the two micrometer readings indicated 
that the sag of the wire decreased by n mm., 
the amount of the elongation of the wall 
would be n] 15 mm. The observational 


d x and do being the microscope readings. 
Similarly the observations at various tempera- 
tures were corrected so that the relative lengths 
of the tape were compared in each case with 
the . original distance D x , and thus the lateral 
movement of the wall was allowed for. Small 
corrections also had to be applied for the change 
in the sag of the wire due to change in its 
length accompanying any change in the air 
temperature of the corridor. Since the co- 
efficient of expansion of the wire was very 
small (less than 0*11 x 10~ 6 per 1 ° C.), and the 
range of the air temperature was less than 3° C., 
the corrections for this were nearly negligible. 

It was necessary, however, to allow also 
for any rotational movement of the micro- 
scopes. This was done by fixing a fine wire 
at right angles to the length of the tape to 
each of the microscope objectives, and observ- 
ing the images of these wires in two flat 
vessels containing mercury which were tempor- 
arily placed half-way between the wires and 
the focal planes of the microscopes. The 
position of the wire in each case was read by 
means of the micrometer of the microscope. 
These observations were made on both 
microscopes immediately before and after 
the readings were made on the tape and on 
the sag of the invar wire at each temperature 
to which the tape was submitted. If the 
axis of one of the microscopes rotated between 
two sets of observations, it is obvious that the 
displacement would be detected by an altera- 
tion in the reading made on the image of the 
wire. The corrections were obtained by calcula- 
tion from the dimensions and known constants 
of the microscopes. As a matter of fact the 
movements of the wall were found to bo almost 
entirely confined to lateral movements. 

The coefficient of expansion of a 24 m. length 
of the tape No. 13 was determined twice by 
this method. During the first set of observa- 
tions the sky was overcast and the atmospheric 
temperature did not greatly vary, whereas In 
the second set the sun was shining on the 
outer surface of the wall to which the micro- 
scopes were fixed. In the latter case the cor- 
rections for the lateral and angular movements 
were fairly large, as can be seen in the diagram 
(Fig. 9). In this diagram the apparent varia- 
tions in the length of the tape under alterations 
in the temperature of the water in the tank 
are plotted against the temperature to which 
the tape is submitted. This gives the irregular 
curve. On adding the corrections thus giving 
the true length of the tape at each observa- 
tion, the plotted points give the nearly straight 
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line curve from which, the true coefficient of 
the tape can be calculated. The coefficient 
was finally calculated by the method of least 


Excess over 
24M . in m.m. 
4 - 0*2 


-f o ’1 r_ 


- 0*1 


- 0-2 


- Observations uncorracted 
for movements of Luali 

- Corrected observations* 



10 HO 

Temperature 


30 °C. 


From corrected observations 

Expansion over 24 Afar O’ 0172 m.m.per '1°C o 

Coefficient of expansion^ 0‘717x 10~ 6 pcr 1°C 


Fm. D. 


squares, and the /3 term was found to be 
negligible. The final results were : 

Mean coefficient No. 13, 

0/24 m 0-717! x 10*" 6 per 1° C. 

Mean coefficient No. 13, 

20/50 m 0-7 10 7 x 10“° „ 

Mean coefficient No. 13, 

20/50 m. (repeat) . . 0-7^ x 10' 6 

Hence the accepted value of the thermal 
coefficient of expansion of this tape has been 
taken as 0*717 x 10~° per 1° Cl 

§ (16) 24-M'ktre Comparator for the 
Indian Government.— This comparator 1 has 
been designed under the supervision of the 
late Sir David Gill. It consists o£ a wall 
built in a corridor 110 ft. long by 10 ft. wide, 
and of a suitable apparatus made by the 
Cambridge Scientific Instrument Co. 

The fundamental part of the apparatus 
contains seven east-iron holders bolted to 
castings built into the wall These holders 
arc placed at intervals of 4 metres and each 
carries a micromotor microscope. The focal 
points of the seven microscopes are first 
arranged to he all in the same horizontal 
plane by focussing each pair in turn on dust 
particles floating on water in one of two 
troughs having free pipe connection . The 
troughs are movodalong under the microscopes, 
one being always under a microscope already 
focussed, and the other microscope is then 
adjusted to the same focus level. The micro- 
scopes are set in the vertical plane by sotting 
them to a stretched fine wire. 

A double set of rails runs throughout the 
length of the wall, and, is arranged so that a 
carriage, suitably supporting an invar 4 m. 
bar, can bo brought into such a position that 
the fiducial lines 0 and 4 metro of the bar may 
be viewed under any consecutive pair of micro- 


scopes. 


1 For more complete account sec Sept. 

3, 1015. 


The actual distances between one micro- 
scope and the next can be thus determined 
from the 4 m. bar, and finally, by addition, 
the distance between the two end microscopes 
obtained. The carriage for the line standard 
is then run on to a 4 m. extension of the wall 
which acts as a siding for the carriage when 
the bar is not actually in use. 

The tape whose length is required is then 
placed in position, being supported by strain- 
ing wires or cords over two pulleys at the 
ends of the main part of the wall (about 26-5 
metres In length), the tension being applied 
by two weights, usually 10 kg. each. There 
is a small space between the main wall and 
the siding allowing room for the weight. The 
pulley at this end, which has to be dismantled 
for the free passage of the carriage to the 
siding, is designed so that it can bo easily and 
quickly replaced. The height of the pulleys 
above the surface of the wall is such that the 
tape is free to hang in a catenary curve, and 
the pulleys are supplied with adjusting screws 
so that the lines of the tape can bo focussed 
under the end microscopes. Readings on the 
lines of the tape are then made, and from 
these the length of the tape is deduced. 

The apparatus also includes a 24 m. tank 
which lies behind the wall, and which, is used 
for determining the thermal coefficient of 
expansion of tapes. The water in the tank 
is connected to a circulating pump and passes 
through heating apparatus, so that the tem- 
perature can bo quickly changed. Variations 
in the length of the tape under observation 
at different temperatures are obtained by 
comparing it with an invar tape at nearly 
constant temperature in air. The latter tape 
is in catenary suspension under the microscope 
of the end cast-iron supports 24 in. apart, as 
described above. Subsidiary microscopes are 
attached to the same castings, and those are 
used for observations on the tape in the tank. 

Owing, however, to the effect of the heat 
radiating from the tank, the wall is liable to 
some movement during the series of observa- 
tions required. A correction for the longi- 
tudinal expansion or contraction of the wall 
is afforded by the observation in the tape 
suspended in ai r, b ut further measurements 
have to be undertaken to correct for the 
possible rotational movement of the castings. 
A collimator is rigidly attached to the casting 
at one end, whilst a telescope with vertical 
and horizontal micrometer scales Is fixed to 
the other casting, the axes of both instruments 
being parallel to the axis of the comparator, and 
the relative rotation of the two eastings can bo 
deduced from the readings In the telescope. 

8. w. A . 

Synoptic (hi a rth. See article “ Atmosphere, 

Physics of,” § (18), 
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Tabulating and Sorting Engines. See 

“ Calculating Machines,’ ’ § ( 12). 

Temperature, Atmospheric, linear law of 
vertical gradient of, as the "basis of 
Toussaint’s exponential altimeter 
formula. The law is 

T= 288° -0-00653, 

T being the temperature in degrees 
absolute at height, z metres, the tem- 
perature at sea-level being taken as 
288° abs. See “ Barometers and Mano- 
meters,” § (17). 

Conditions for low values at the surface at 
night. See “ Radiation,” § (2) (ii.). 

Correlation with sun-spots. See ibid. § (1). 

Discontinuity of, at coast-line. See “ Atmo- 
sphere, Thermodynamics of the,” § (5), 
Figs. 1-4. 

Distribution of : 

In cyclone and anticyclone. See ibid. 
§§ (5), (8), Table III. 

In the upper air. See ibid. §§ (4) and (5), 
Table II. 

Over the globe. See ibid. §§ (3), (5), (8), 
(10) ; Figs. 1-4. 

Diurnal variation of. See “ Atmosphere, 
Physics of,” § (13). 

Effect of radiation on. See “ Radiation,” 

§ (3) <iv.). 

Equivalent radiative. See ibid. §§ (2) (ii.) 
and 4 (ii.). 

Eiducial, for a millibar barometer: the tem- 
perature at which the instrument reads 
true millibars under the conditions of 
gravity at its given station ; obtained 
from the standard temperature by 
applying a small correction. See 
“ Barometers and Manometers,” § (6) 
(iii.). 

Instruments for measurement of : 

(i.) At tbe surface. See “ Meteorological 
Instruments,” II. § (4) et seq. 

(ii.) In the upper air. See ibid. VIII. 
§§ 36-38. 

Inversions of. See “ Atmosphere, Thermo- 
dynamics of the,” §§ (5) and (7). 

Lapse of : 

Adiabatic. See “ Atmosphere, Physics 

of,” §§ (3), (6). 

Variation with height. See ibid. § (5). 

Lapse-rate of : 

Effect of water- vapour on. See ibid. § (6). 

Normal value of. See ibid. § (5). 

Value of, in radiative equilibrium. See 
ibid. § (11). 

Mean value for different latitudes. See 
<e Radiation,” § (4) (ii.). 

Observed vertical distribution of. See 
“Atmosphere, Physics of,” § (5). 


Range of (annual). See “ Atmosphere, 
Thermodynamics of the,” § (5). 

Range of diurnal. See ibid. § (10). 

Relation of, to pressure in dry and satu- 
rated air. See “ Atmosphere, Thermo- 
dynamics of the,” § (18) et seq. 

Relation of, to pressure and entropy. See 
ibid. §§ (19), (23), and Fig. 16. 

Relation of, to pressure and height. See 
ibid. § (8). See also " Air, Investigation 
of the Upper,” § (11). 

Scale of. See ibid. § (2) and Figs. 1-4 (table 
of equivalents). 

Standard, for a millibar barometer : the 
temperature at which the instrument 
registers true millibars when stationed 
under standard conditions of gravity. 
See “ Barometers and Manometers,” 

§ (6) (iii.). 

For hydrometers. See “ Hydrometers,” 

§ ( 6 ). 

Theoretical vertical distribution in con- 
ductive, radiative, and convective equi- 
librium. See “ Atmosphere, Physics 
of,” | (6). 

Variation of, with height : 

For saturated adiabatics. See "Atmo- 
sphere, Thermodynamics of,” § (22), 
Fig. 6. See also “ Potential Tempera- 
ture.” 

In radiative equilibrium. See “ Atmo- 
sphere, Thermodynamics of the, 

(12), Fig. 14. 

Vertical distribution of. See “ Radiation,” ' 

§ (3) (i). 

Temperature op Adjustment, suitable for 
industrial standards of length, gauges, etc. 
See “Metrology,” § (16). 

Temperature Control as required for 
Metrological Observations. See “ Metro - 
lo gy,” § (5) (vi.). 

Temperature of the Earth : equivalent 
radiative. See “ Radiation,” § (4) (i.). 

Temperature Effects in Survey Work. 
See “ Trigonometrical Heights,” § (4). See 
also “ Gravity Survey,” § (17). 

Temperature Gradient in the Atmosphere .- 
effect on wind. See “Atmosphere, Physics 
of,” § (10). 

Reversal in the stratosphere. See ibid. 

§§ ( 10 ), ( 11 ). 

Temperature of Line Standards : how 
measured, sources of error, etc. See 
“Comparators,” § (1) (b). 

Temperature Variations in the Value op 
the Constant op Gravitation : experiments 
to try to detect, by Dr. P. E. Shaw. See 
“ Earth, Density of the,” § (3). 
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Teroentesimal Scale op Temperature : 
the approximate absolute scale of tem- 
perature in Centigrade degrees taking the 
freezing-point at 273°. See “ Atmosphere, 
Thermodynamics of the,” § (2). 

Theodolites, as used for observing pilot 
balloons. See “ Air, Investigation of 
Upper,” § (6) (i.), (ii.), (*«•)» ( iv -)- 

Theodorich : explanation of the rainbow. 
See “ Meteorological Optics,” §(14). 

Thermal Hysteresis in Length Bar. See 
“ Metrology,” § (4). 

Thermodynamics o.f the Atmosphere. See 
“ Atmosphere, Thermodynamics of the.” 

Thermograph : a self-recording thermometer. 
General description of. See “ Meteoro- 
logical Instruments,” § (9). 

Types of : 

Bimetallic. See ibid, § (9) (ii.). 

Bourdon tube. See ibid. § (9) (iii.). 
Electric-recording. See ibid. § (9) (iv.). 
Mercurial. See ib id. § (9) (i.). 

Thermometer Screens : 

Arrangement of instruments in. See 
“ Meteorological Instruments,” § (8). 

Types of. See ibid. § (5). 

Thermometers : 

Black-bulb. See “ Radiant Heat and its 
Spectrum Distribution,” § (8). 

For meteorological purposes : 

Black - bulb in vacuo. Seo “ Meteoro- 
logical Instruments,” § (27). 

Dry- and wet-bulb. See ibid. §§ (7) (i.) 
and (8). 

For upper air. See ibid. VIII. §§ (36)-(38). 
Kata. See “Humidity,” II. § (11). 
Maximum. See “Meteorological Instru- 
ments,” §§ (7) (ii.) and (8). 

Minimum. See ibid. §§ (7) (iii.) and (8). 
Self-recording. See “ Thermograph.” 
Wet-bulb : 

Depression of, variation with speed of the 
wind. See “ Humidity,” II. § 8. 

Effect of moving air on. Seo ibid. II. 
§§ ((>) and (7). ' 

Experimental verification, of theory of, 
in still air and in still hydrogen. See 
ibid. II. § (5) (ii-). 

Theory of. Seo ibid. It. § (5) (L). 

Wet- and dry-bulb, determination of vapour 
pressure by. See ibid. II. §§ (4)-(9) and 
( 11 ). 

Thermopile, as used for solar measurements. 
See “ Radiant Heat and its Spectrum 
Distribution,” § (20). 

Thomas Gas Mister. See “ Meters for 
Measurement of Coal Gas and Air,” § (20). 

Timur, fall and Pollock's Gravity Balance. 
See “Gravity Survey,” § (5) (i.). 


Thunder Cloud : 

Its electric field and currents within the 
cloud. See “ Atmospheric Electricity,” 

§ (23). 

Processes connected with the development 
and dissipation of their electric charges. 

See ibid. § (24). 

Thunder - storms, electric forces in neigh- 
bourhood of. See “ Atmospheric Elec- 
tricity,” § (3). Also “ Atmosphere, Physics 
of ” §§ (8) (iii.), (22). 

Tide-gauge: apparatus for recording the 
exact rise and fall of the sea. See “ Tides 
and Tide -Prediction,” § (5). 

Tide-predicting Machine, devised by Kelvin 
to find the resultant or sum of a number 
of simple harmonic motions. See “Tides 
and Tide-Prediction,” § (5). 

TIDES AND TIDE- PREDICTION 

§ (1) Explanation of Terms used. — The 
term tide is used to denote the periodic rising 
and falling of the water of the sea, clue 
generally to gravitation and the relative 
motions of the moon, sun, and earth. The 
tide thus caused may be called the astronomical 
tide. A periodic rise and fall may bo produced 
by meteorological conditions, such as day and 
night breezes, regular wind variations, and 
periodic barometric changes ; such tides may 
be classed as meteorological tides. In practice, 
however, it is very difficult to distinguish 
between the tides arising from these two 
causes. 

In mid-ocean the observed phenomenon at 
any point is merely a rise and fall, with 
practically negligible horizontal motion. Near 
the land, however, the effects become modified 
by friction and other circumstances, giving 
rise to tidal currants. A specially rapid tidal 
current in some localities is known as a race. 
This horizontal motion, must ho distinguished 
from the rise and fall strictly called a tide. 
In rivers and river estuaries such horizontal 
motion gives a tidal flow and ebb superposed 
on the seaward motion of the river water. 
In a river the rise and fall of the tide must 
bo carefully distinguished from the flow and 
ebb of tho water ; at a point in a tidal river 
some distance from its mouth tho flow up- 
stream continues after “high water,” that is 
after tho water has reached its highest level 
and has commenced to fall ; similarly the ebb 
or motion down-stream continues after low 
water. In a river also tile interval from low 
to high water is less than that front high to 
low ; the difference increases as we go up the 
river. 

Tho change in water level front low to high 
water is called tho range of the tide. In rivers 
and rapidly narrowing estuaries the range may 
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be much augmented owing to the contraction 
of the channel up which the tidal wave lias 
to pass. When a deep-water wave passes into 
shallow water its front becomes steeper owing 
to friction. In the case of some rivers with 
wide and shallow estuaries, owing to the com- 
bined effect of rapid or moderately rapid 
current, quick contraction, and friction, the 
rise of water in the river is exceptionally 
sudden and the flow violent : the tidal wave 
advances up the river with the appearance 
of a wall of water. This phenomenon is 
called a bore . 

§ (2) Simple Explanation op the Tides. — 
The astronomical tide is a direct consequence 
of the gravitational attraction between the 
earth and the moon and sun. In a sense we 
may call the tide a secondary effect of this 
attraction ; the primary effect being the 
orbital motion of the moon and earth about 
their common centre of gravity, and of the 
earth and moon about the sun. As is well 
known, the larger part of the tide is due to 
the moon. Assume for the moment that the 
moon is in the plane of the equator. At a 
point in the earth’s surface immediately under 
the moon the force of attraction is greater 
than the mean attraction on the whole earth : 
if this j>oint is on the sea the water tends to 
be heaped up there. At the point antipodal 
to this, the point farthest from the moon, the 
attraction at the surface is less than the mean 
attraction ; again the water tends to be 
heaped up as the earth is drawn away from it. 
On this crudely simple theory, as the earth 
rotates, there would be two high waters at 
any place on the equator within the day : 
one when the place was under the moon, the 
other when the place was at the point farthest 
from the moon. The corresponding low- 
waters would occur at positions 90° from 
these two points. The tide is thus semi- 
diurnal, high water occurring twice a day ; 
the average interval is, however, not exactly 
12 hours, since the moon revolves about the 
earth in the same direction as the earth rotates, 
but is about 12 hrs. 25 mins., so that high 
water occurs about 50 mins, later on successive 
days. 

Similarly the sun, supposed in the equator, 
will produce a. semi-diurnal tide, the average 
interval between successive high waters being 
exactly 12 hours. From the known masses of 
the sun and moon and their distances from the 
earth it is easy to calculate that the magnitude 
of the tide due to the sun is a little less than 
one half of that due to the moon. With sun 
and moon acting together the actual tide will 
be a combination of the tides due to each, 
obtained simply by adding the separate effects 
if the depth of the sea at the place is large 
compared with the tidal range. At new or 
full moon lunar and solar high water will 


coincide, and the rise will be the sum of the 
effects due to each ; at first and third quarter 
lunar high water will coincide with solar low 
water and the rise will be the difference of the 
separate effects. The larger tides at or about 
the times of new and full moon are called 
spring tides ; the. smaller tides near the times 
when the moon is in the first or third quarter 
are called neap tides . Since the solar tide is 
about one-half of the lunar, the range at 
springs is about three times that at neaps. 
The interval between successive spring tides 
is half a lunar month ; the interval from 
spring to neap tides is, therefore, about a 
w r eek. 

The sun and moon being on the equator 
the effect at a place north or south of the 
equator is generally similar, but the tide is 
smaller : at the poles it vanishes. 

Now suppose the moon is, say, north of the 
equator. The tide will be greatest at the 
point immediately under the moon, north of 
the equator, and at the antipodal point, south 
of the equator. At any place north of the 
equator, moving on a parallel of latitude as 
the earth rotates, the high tide when the 
place is on the side of the earth turned to- 
wards the moon will be greater than that 
which occurs when the place is on the side 
away from the moon. The heights of the 
water at successive high waters will be 
different : the amount of the difference is 
called the diurnal inequality . As we shall see 
presently we may suppose this inequality to 
be produced by the superposition of a diurnal 
tide upon the semi-diurnal tide due to the 
combined effects of the sun and moon. 
Similarly the sun, when not in the equator, 
gives rise to a diurnal tide. 

The foregoing simple theory of the most 
readily observed phenomena of the tides is, 
of course, far from exact : it indicates only 
‘ the directions in which an explanation is to 
be sought. It assumes that the water covering 
the earth is capable of assuming instantane- 
ously the form corresponding to the forces 
acting on it : it neglects the effects of motion 
and inertia. According to the simple theory 
the lunar high water should occur at any 
place when the moon is in the meridian of 
that place ; spring tide should occur at twelve 
o’clock (local time) when the sun and moon 
are together in the meridian. Actually spring 
tide is later than the time of full and change 
of the moon by about 36 hrs. on the average. 
This interval is called the age of the tide : it 
varies considerably from port to port. The 
average interval at any port between the 
time of moon’s transit at full or change and 
the succeeding high water is called the 
establishment of the port . This high water is 
not in general the maximum spring tide : the 
interval between the time of maximum spring 
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tide and the preceding moon’s transit is 
termed the corrected establishment. : it differs 
little from the ordinary establishment. At 
any other state of the moon the interval 
between the moon’s upper or lower transit 
and high water is called the Imiitidal interval? 
or simply the interval. 

For the preparation of tide tables it is of 
importance to fix a datum or base line from 
which the height of the water shall be 
measured. To avoid the frequent occurrence 
of negative quantities it is convenient that 
this should be approximately at* or he low* 
the level of low water at spring tides. In 
British tide tables and charts the practice 
has usually been to refer the heights and 
soundings to cc the mean low water of ordinary 
spring tides,” and the depth of this datum 
below some datum mark fixed on the shore 
or in the dock at the port is given in the tables 
for the port. This definition is not very exact : 
for a datum which can be more exactly de- 
fined see below (§ (5), Harmonic Analysis). 

§ (3) Early Methods or Tide- the diction*. 
— Early tide-prediction was mainly concerned 
with foretelling the times and heights of high 
and low water. As we have seen, these depend 
primarily on the positions of the sun and 
moon. Since the sun crosses the meridian at 
approximately twelve o’clock (local time) the 
clock time at which the moon crosses the 
meridian indicates at once the relative posi- 
tions of the sun and moon. As a first rough 
approximation we may assume, therefore, that 
for a given time of moon’s transit the luni- 
tidal interval and the corresponding heights 
of high and low water will be constant. It 
should thus be possible to construct tables or 
graphs in which the times and heights of high 
and low water are tabulated or plotted 
against the times of moon’s transit. From 
such a table or graph the heights and, times 
for any given, time of moon’s transit can then 
be computed or read off. 

To obtain such tables for any port it is clearly 
necessary in the first place to record the time 
of moon’s transit and the corresponding tidal 
heights and times over a considerable period 
of time in order to obtain a reliable average. 
Not to speak of meteorological disturbancoH, 
we have ignored in this brief statement the 
declination of the sun and moon and other 
variations in their motion relative to the 
earth. If, however, observations arc made 
over a sufficient period, say a year, and a 
table or graph constructed, we shall be able to 
make rough predictions of the tides. 

Tables of corrections can be prepared , to 
he applied to the mean values computed as 
explained, showing the effects of the declina- 
tions of the sun and moon and of their 
parallaxes (depending on their distance from 
the earth). Allowance must also be made for 


the diurnal inequality. Round the British 
coasts this is relatively small* but in many 
parts of the world it becom es of great import- 
ance* indeed at some ports, e.g. Aden, at neap 
tides, there is often only one high water in 
the 24 hours, the second high water becoming 
evanescent. The application of this method 
of prediction then becomes somewhat com- 
plicated* and recourse is usually had to the 
method based on harmonic analysis (§ (5)). 
It is not necessary here to consider further the 
procedure adopted when the preceding method 
is employed. It was elaborated by Sir John 
Lubbock and is still in use for the majority of 
the British ports. 

§ (4) Equilibrium Th eory.— A brief account 
may now be given of what is known as the 
equilibrium theory of the tides* on, which 
modern methods of prediction are based. The 
theory assumes that the earth is covered by 
an ocean of uniform depth* and that the water 
takes up at each instant the form correspond- 
ing to the gravitational forces acting upon it 
at that instant ; in other words, it ignores 
the effects of motion and inertia. The import- 
ance of the theory lies in its application 
to the harmonic analysis of the tides and to pre- 
diction: in this application only certain main 
features derived from the equilibrium theory 
are utilised, and their use is justified* as will 
be seen, by the accuracy of the predictions 
made on this basis. 

Let E, M (Fir/, 1 ) bo the masses of the sun and 
moon, r the radios to tho moon, /> the radius 
vector to any point P ^ 

on the earth’s surface, 
z the angle between 
r and />. Then the 
acceleration of the Kr 

^ — -sX moon relative to 

I /KSp A 8 (E+M)/r a ; that 
E[ of E relative to the 

V J common GGL inM/r*. 

Wo shall suppose the 
Pm. u earth’s centre re- 
duced to rest, and 
consider tho moon’s motion relative to tho 
earth. Lot the direction cosines of r 9 /> bo 
Mj, .ML, Ml, ; i;i* $jj, respectively. Tho com - 
ponent forces per unit mass required to 
reduce E to rest arc - M/r a M a , 

- Mjr 2 . M a ; lienee the potential at P of these 
forces 


since the differential coefficients of thin ex- 
pression \v ith respect to the co-ordinates of 
P are equal to the forces given. 
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Again, the potential at P due to M is 

M 

nV 2 + p 2 — 2rp cos z 

to which may be added a constant ; since we 
are seeking the forces which urge P relatively 
to E, we add the constant — M Jr, which makes 
the potential at the centre of E zero, and take 
as the potential at P 

M M 

/> 2 - 2rp cos z r 

If we expand this in terms of the small 
quantity pfr, and add together the terms 
contributing to the potential at P, ignoring 
the term E Jp due to the earth’s gravity, we 
obtain for the tide-generating potential V the 
expression 

~Jg~ (§cos 2 z~4) (§cos 2 «— |- cos z) +•. . . 


or ignoring the higher terms 


V __3M P 2 

2r 3 


(cos 2 Z - l). 


Let A be the point on the equator in the 
meridian of P, B 90° east of A; M the projec- 

2 



tion of the moon in its orbit XY. MCA is 
the moon’s easterly local hour angle. Let 
\ l he the latitude and west longitude of P, 
h the moon’s westerly hour angle from 
Greenwich, S her declination. 

Then MCA =1-1 

and 

M 1 =cos 5 cos (h - l), M 2 = - cos S sin (7i- 1), 

M s =sin 5 

^=003 X, £ 2 =0, £ 3 = sin X. 

3Mo 2 

Hence V = ^[{cos S cos X cos ( h - I) 

+ sin 5 sin \} 2 - £], 

which after simple transformation may he 
written 


T7 3Mp 2 , . 0 

— 2r 3 " '* 2 ' cos ~ ^ eos 2 0 cos 2 (Ji-l) 
’+ i sin 2\ sin 25 cos ( h~l ) 

+ |(lr -sin 2 5)(1 — sin 2 X)}. 


Ji increases as the earth rotates, changing by 
360° in about 24 hours 50 minutes, while 5 
goes through a cycle of values in a lunar 
month. Hence it will be seen that V contains 
approximately harmonic terms of periods 
one-half a (lunar) day and one day (semi- 
diurnal and diurnal tides) as well as long- 
period terms depending on the lunar month. 
There will be similar terms due to the sun. 
It must be noted that r is variable owing to 
the ellipticity of the moon’s orbit. 

To proceed further we must allow for the 
variation in 7i, 5, and r as the moon moves 
in her orbit, the problem being to express V 
in terms of cosine functions, the arguments 
of which increase uniformly with the time. 
For this purpose we adopt initially a. procedure 
somewhat different from the foregoing. 

Referring again to Fig. 2, let I=AXM = ZCJ 
denote the obliquity of the moon’s orbit to 
the equator; AX = ^; MX = Z=longitude of 
the moon in her orbit measured from the 
intersection. ” Also write p = cos il, q — sin il l. 
Then 

M x = cos l cos x + sin l sin x cos I 

= p 2 cos (x — Z)+tf 2 cos (x+l), 
^2 = — cos l sin x + sin l cos x cos I 

= — P 2 sin (x - l) - g 2 sin ( x + l), 
M 3 = sin l sin 1 = 2 pq sin l. 

Also 


£ r 1 = cosA, £2 = 0 , £3 = sin X . 

Now 


cos 2 «-£• = (ifjMj. 4- £ 8 M 8 ) 2 - i 
TVT 2 — M 2 

= cos 2 X— 1 - .. 12 + sin 2AM 1 M 3 

. — 3 

And 


2 


+ iK'ff — sin 2 X) 


M] 2 — M 2 2 

= p 4 cos 2{x-l) -I- 2 p z q z cos 2x + q* cos 2(% -I- l )» 


M,M 3 

= -p\ sin (x - 2Z) H-pgCp 2 - q 2 ) sin x 


I 




\ A- 1 


i-(M 1 2 +M a 2 -2M ;i 2 ) 

= UP‘ l ~ 4p*qf 2 + q-i) +2 p*q* cos 21. 

Now, neglecting the perturbations due to 
the sun, the equation of the ellipse described 
by the moon is 


■ e(l - e 2 ) , 

= 1 + e cos (l - 

where c is the moon’s mean distance, zrr the 
longitude of the moon’s perigee in her orbit. 
Then 


V 


3Ma 2 


■ 2c 3 (1 — e*J»“ ^ +e 008 ft ~ CT i)j 3 (cos 2 z - |). 
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Also, by the theory of elliptic motion, if <r x 
be the moon’s mean longitude measured in her 
orbit 

l = oq P 2e sin ( <r 1 - txq) + £-e 2 sin 2 (oq — cTj) 4- . . . 
Now 

{1 Pecos (Z — ©i)} 3 

= 1 P |e 2 p3ecos (Z — ct x ) Pije 2 cos 2 (Z — raq) P . . . 
= 1 — lie 2 P 3ecos (oq - ot x ) plle 2 cos2(<r 1 - roq) + . . . 
eh R, say. 

R cos (2Z + a) 

= (1 - V e 2 ) cos (2aq Pa)- le cos (oq P a P Tnq) 

P \e cos (3oq 4- a - raq) P \7er cos (4 cq P a — 2ur 1 ) 

~h ... 
and 

R cos a = (1 - lie 2 ) cos a 

-4 lie Ceos (oq Pa — aq) Pcos (oq — a — rnq)] 

-+■ |[e 3 [cc r (2aq -4 a — 2 its' 1 ) -4 cos (2aq - a - 2®!)] 
-4 • . . 

It sin (21 -4 a), R sin a are obtained from 
these by putting a - t/ 2 in place of a. 

In applying these formulae we must put 
a -2y or - 2y, etc., and we get 

Coefficient of l cos 2 X 

= (I - -V e s )[i jl COS 2(x - eq) 4 -q 4 - cos 2(x P oq)] 

Hr (l - ge 2 )2p a { f cos 2x 

- Je[p 4 cos (2% — cr x — raq) -4 $r 4 cos (2% -4 oq H- rnq)] 

-4 |e[p 4 cos (2x - Sup -4 mq) P O' 4 cos (2% P 3oq - nr x )] 
P |e . 2p 2 5f 2 [cos (2x P op - roq) -I- cos (2x~ oq P mq)] 

P V e 2 [p 4 cos (2x - 4oq P 2fTTj) 

P </ 4 cos (2x p4-cq - 2rrq)] 

P J a 8 . 2 2> V 9 [cos (2x + 2oq - 2jr»q) 

P cos (2x - 2oq P 2raq)]. 

Similarly we may write down the coefficients 
of sin 2\ and of 4( | -sin 2 \). 

There are also terms duo to the inequalities 
in the moon’s motion produced by the sun’s 
attraction (eveotional and variational tides) : 
these are, however, here omitted. 

It may here be noted that e — -0549 ; and 
that when I has its mean value of 23° 27'-3, 
9 = sin U - •203, 9 a = *041, g s = -0084; (f is thus 
a little (smaller than e. In developing 
further <f and e/ 8 are treated as being of 
the same order as e, and the terms contain- 
ing «" are omitted except whore the coefficient 
is large. 

We now multiply through by (1 -c 8 ) -3 , ot- 
to the approximation adopted 1 -4 3c 2 , and 


obtain an expression for V -p 3Ma 2 /2c 3 . In 
this the coefficient of l cos 2 X 

= (1 - 5e 2 )p 4 cos 2(x~ ex) -4 (1 -P-i]e 2 )2p 2 g 2 cos2x 
P |ep 4 cos (2x — 3oq + mq) 

— iep 2 [p 2 cos (2x — oq — 

— 6q 2 cos (2x - oq + x)l * 
P V e 2 p 4 cos (2x — 4oq P 2 ct x ). 

(The second term in the bracket * is small 
but is retained for special reasons.) 

It remains to express x> °P ca.c,h of 

which increases uniformly with the time, in 
terms of local mean time and of the mean 
longitudes of the moon and of perigee. 



In Mg. 3 let M be the moon in her orbit, 

A as before, 

P the perigee, 

N the longitude of the node 12 , 
g tho sidereal hour angle, 
v the right ascension of the intersection I, 
§ the longitude in the moon’s orbit of the 
intersection, 

i the inclination of tho moon’s orbit to 
the ecliptic, 

co tho obliquity of the ecliptic, 
s the moon’s mean longitude, 
p the mean longitude of the perigee 
(easily distinguished from tho p used 
previously), 

p' the longitude of tho perigee measured 
from T in the ecliptic 

Then (7 = AT, * = TI, *=TO-«I, N = TS 2 , 
s — j) = d, — Wj — moon’s mean anomaly. 

By "the formula for reduction to the ecliptic 

flP = jp'-N P .] sin 2 i sin 2 (p' - N), 

CTl = IP = IQ P QF = TO - $ -4 or 

_ pf _ £ 4 - j i sin 2(p' — N), 

and p = p f 4.1 sin 2 i sin 2(7*'- N). 

Therefore 

n^s-c. 

Also X ~ I A ” <] ~ v~t- P h — v, 

whore /. local mean sola r time reduced to angle, 
h-~ sun’s mean longitude. 
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Then 2(x-<r 1 ) = 2« + 2(A-*)-2(s-£), 

2a; = 2£ +2 (ft- r), 

2x - 3 <t x + m 1 = 2i + 2(£ - v) - 2{s - f ) - (-9 - p), 
etc. 


The increase of i per hour — 15°. 

The increase of h per hour = 0°*0410686 

[approx. 360°-^-(365£ x 24)], 

The increase of s per hour = Q°*5491065 

[approx. 360° -f- (27£ x 24)], 

The increase of p per hour = 0°-0046419 

(nearly 41° per annum). 

£ and v also change slowly as N changes, 
hut in the use of the method of harmonic 
analysis their variation in the course of a 
single year is ignored : the value assigned 
to them*is that corresponding to the middle 
of the year. 

The values above obtained have now to be 
substituted in the expression for V. We 
may write V = < 7 &, the potential at height h 9 
where h is the height of the tide. Then h 
contains the factor 3Ma 2 /2c 3 <7, and since 
{jr = E/a 2 , this = -|M/E(a/c) 3 a. h is the sum of 
a number of cosine terms or simple harmonic 
motions, which may he called simple tides. 
In the application of this method we assume 
that the period of each of these forced 
oscillations of the water, i.e. the speed of each 
simple tide, agrees with that of the cause 
producing it ; the water may not, however, 
immediately take up the equilibrium form 
assumed ; in other words, there may be a 
phase difference or lag, depending on inertia, 
friction, the configuration of the land, etc., 
and the amplitude of each component may 
also be affected by these various causes. 
The values of the lag and amplitude for each 
component can only be obtained for any 
given port by actual observation and analysis 
of the variation of tide level at the port (see 
below, § (5)). 

The principal terms in the theoretical tide 
resulting from the above substitution are given 
in the appended schedule (page 763). The 
preceding analysis has been given to show 
the method ; the terms obtained are not all 
included in the schedule, but will be found 
in the more complete schedules of terms 
usually computed in the harmonic analysis 
of the tides. In the schedule are given also 
the corresponding terms due to the sun. 
The solar terms will contain the coefficient 


3 M*/a\ 

2 E [cj 


3 

a . 


If we write r = |M/c 3 , r 1 = |M 'Jcf, this co- 
efficient becomes 


r x 3 M (a 
r x 2 E\c 


3 

a . 


For comparison of the relative magnitudes 
of the solar and lunar component tides, it 
is convenient to retain -3M/E(#/c) 3 a as a 
universal coefficient, to be multiplied in the 
case of the solar tides by r 1 /r 9 the numerical 
value of which is 0*46035 or 1/2-1722 0. The 
solar tides in the schedule are then at once 
distinguished by the occurrence of the factor 
rjr in the third column. 

In addition to the tides given in the schedule 
may be mentioned the long-period tide whose 
speed is the rate of variation of N, the longitude 
of the moon’s node, which is about 19°-34 
per annum. This tide has thus a period of 
about nineteen years. For other components 
commonly evaluated and employed in predic- 
tion, reference must be made to the standard 
treatises on the subject. 

When a tidal wave advances into shallow 
water its form changes, becoming steeper 
in front, in a manner which can be represented 
by the introduction of higher harmonics or 
over-tides. Thus corresponding to M 2 , S 2 , we 
have the over-tides M 4 , M 6 , S 4 , S (; , the suffix 
denoting the number of periods included in 
(approximately) one day : the speed of M 4 is 
twice that of M 2 . In the same circumstances 
the combined effect due to two simple har- 
monic waves is no longer simply the sum of 
the changes in water level due to each 
separately : interference occurs between two 
simple tides in shallow water, producing 
effects which may be represented by introdu- 
cing additional components of speeds equal to 
the sum and difference respectively of the 
speeds of the original deep-water components. 
The shallow-water components thus produced 
are called compound tides : in rivers and river 
estuaries some of these are of sufficient 
importance to be allowed for in prediction 
and to be included on the tide- predicting 
machine. The most important is the quater- 
diurnal tide (MS)* arising from M 2 and 

Finally, mention must be made of the 
meteorological tides. Diurnal and annual 
variations of meteorological conditions affect 
the height of the tide, giving rise to tides 
Sx, S 2 * - Sc£, S'9$. * . . These may also 

arise directly from astronomical causes, but 
with the exception of S 2 are of much more 
importance as meteorological than as astro- 
nomical tides. In districts where regular 
rainy seasons occur, the annual, semi-annual, 
ter - annual, etc., components may be very 
large at riverain ports. 

§ (5) Harmonic Analysis and Prediction. 

The preceding theory leads to the concl usion 
that the height of the tide at any instant 
above mean sea-level can be expressed as the 
sum of a number of terms of the form 

R cos (nt— f)- 

n in this expression denotes the speed of the 
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Schedule of Principal Tides (Harmonic Analysis) 


3 M fa\‘ 

Universal Coefficient = ~ - I 


a. 


" • “* 



Mean 


Speed in 

Descriptive Name. S 

ymbol. 

Coefficient. 

C 

Value of 
inefficient. 

Argument. 1 

degrees per 
M.S. Hour. 


/. Semi-diurnal Tides : General Coefficient - 

“ cos 2 A. 


Principal lunar * j 

M a 

|(1- f:c 2 ) cos 4 p 

•45420 

2t+2(h- v)-2 (*■ — £;) 

28-98410 

Larger lunar elliptic 

N 

| | e cos 4 |I 

•0S796 

2t + 2(h~ v)~2{s- t) 

— (* — 3>> 

28*43793 

Principal solar 

s a 

— • J(1 — Sep 2 ) cos 4 

•21137 

21 

30*00000 

Solar elliptic 

T 

— . J. . J' Cjl cos 4 

7* *' 

•01243 

2 1 

29-95893 

Luni - solar (lunar 

i { 

*l(l + 8e a )i sin 2 I 

•03929 

2t+2{h-v) 1 

30-08214 

portion) 

K a i 



1 

Luni - solar (solar 


ri J(i + |c, 2 )| sin 2 w 

*01823 

2t p 2h 

J 


portion) 

; l 

j T “ 

1 




IT Diurnal Tides : General Coefficient - 

“sin 2 A. 


Lunar diurnal 

Larger lunar elliptic 

o 

Q 

( l — § c 2 ) | sin I cos 2 VI 

Sc • J sin I cos 2 4 1 

• 1,8850 
•03051 

*+(A-»0-2(fl-£)+47r 

t+(h-v)-2(s-%) 

-(a-jp)+i’r 

13-94304 

13-39866 

Solar diurnal . 

P 

Tj (l, — r;e, 2 );l sin co cob 2 k° 

1 r “ 

•08775 

t-h+^ir 

14-95893 

Luni - solar (lunar 

'1 1 

(l + iic 2 )| sin I cos I 

•18115 

t-\-{h~v)~hir '\ 


portion) 

kJ 


\ 

j 

. 15-04107 

Luni - solar (solar 

I 

j -(H-jl c x a )4 sin w cos w 
l r 

•08407 

i-l-Zl-jTT | 


portion) 

1 J 1 


J 

1 


III. Long-period Tides ; General Coefficient | sin 2 X). 


i 

Fortnightly 

M.f 

(1 - fje 2 )i sin 2 I 

•07827 

2(«-£) 

1-09803 

Semi-annual 

S sa 

r \l- sin 2 w 

r 

•03043 

2 h 

0-08214 


title in degrees per mean solar hour ; t is the 
time in m.s. hours from the epoch or instant 
taken as the starting-point of the observations 
(usually noon of the first day). In this form 
It and .(■ are not absolutely constant, but 
vary with the position of the moon’s node. 
For a period of one year, however, they may 
be treated as approximately constant and 
as having the values corresponding to the, | 
value of N at the middle of the period. For 
comparison of one year with another each 
term is written in the form 

/H cos (V + u - i<). 

Here / is a factor which varies from year to 
year with the position of the moon's node : 
it represents the ratio of the value of the 
coefficient for that year to its mean value. 
|-r is now an absolute constant. V represents 
that part of the argument which is independent, 
of the position of the node: dV/dt^n gives 
the speed of the tide, u is the portion of 


the argument which depends on the position 
of the node : a mean value of this is talc on 
for any given year, k is then an absolute 
constant and ic}n represents the lag of the 
tide, in hours. The height of the tide at 
any instant is thus expressed in the form 

h ■=■- A„ -1-/H cos (V -\-u~ a), 

A„ denoting the height of mean sea-level 
above some lixed datum. Tho initial value 
of V at the commencement of tho period 
(V„), and the value of w for the middle of the 
period are obtained from astronomical tables. 
.Special tables for the purpose, and for tho 
determination of /, are given in treatises on 
tide-prediction. 

Ah examples of the variation of/ from year 
to year, it may lie mentioned that the extreme 
values for the tides M g and N are 1 '04 and 0*06 ! 
for (), 1-18 and 0*81. 

To complete the harmonic analysis of tho 
tides of any given port it is necessary to deter- 
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mine the values of H and k for the port, for 
the various component tides. To separate out 
any one component from the remainder, the 
principle followed is to take height measure- 
ments at time intervals equal to the period 
of this component. If such height measure- 
ments, taken over a long period of time, say 
one year, be summed, the effect of other 
components will average out, if their periods 
are incommensurable with that of the selected 
component, and the sum will be N7e, where h 
is the tide height due to this component and 
N the number of complete periods over which 
the summation extends. If we divide a 
single period into say 24 equal parts in the' 
case of a diurnal tide, or 12 in the case of a 
semi-diurnal tide, we can obtain 24 “hour - ly ” 
mean values which will enable us to construct 
the harmonic curve or oscillation for this 
single component (with its harmonics or over- 
tones, if appreciable). The. calculation is 
effected by the usual method for a Fourier 
series. If we write 

h= A 0 + A x cos nt + 'B 1 sin nt+ A a cos 2nt 

+ B 2 sin 2 nt + . . . 

then A 0 = 1 j\2A, 

A 1 = T \S^, cos nt, 

B x = fa'Zh sin nt, 

where h is the average height obtained as 
above explained and the summation extends 
over 24 “ hour - ly ” intervals. The term hour 
is here used to denote ^ of the period 
(diurnal) which in general differs from, but 
approximates to, a mean solar hour. From 
A x and B 1# H and k are readily deduced, 
V 0 , u, f being known. 

To be able to apply this method it is clearly 
necessary that the height of the water at the 
particular port should be known throughout 
the period. A record must thus be obtained 
by means of a recording tide-gauge : this is 
in general essential for the application of the 
method of harmonic analysis and prediction. 
Sir George Darwin has, however, given a 
method of deducing the principal harmonic 
constants from observations of the heights 
and times of high and low water, when a 
continuous record is not available. 

In practice to apply the above procedure 
exactly as explained would involve too much 
labour, requiring, as it does, the measurement 
of the height on the tide record at “ hour - lv ” 
intervals differing for each component. The 
procedure generally adopted is to measure the 
height at each interval of an hour in mean 
solar time, and in applying the method to a 
component whose speed differs from 15° or 
30° per hour to take, instead of the height 
required at any instant, the height at the 


nearest solar hour. An abacus has been 
devised by Sir George Darwin which render's 
mechanical the selection of the appropriate 
measured height for each component tide. 
A correction has to be applied owing to the 
systematic departure from the true times in 
the height measurements taken. 

The foregoing indicates the general principles 
of the method, and it is unnecessary here to 
go into further detail. 

In the preceding A 0 denotes the height of 
mean sea-level above the datum line : its 
value for the year is the mean of the hourly 
height measurements throughout the year. 
The datum line usually adopted may now be 
more precisely defined as being below mean 
sea-level by the sum of the semi-ranges of the 
tides M a , S 2 , K x , O. 

When the values of H and k for all com- 
ponents of importance, and of A 0 , have been 
determined for any port they can obviously 
be used to predict the tides at that port in 
future years. To effect this by calculation, 
however, would be too lengthy a procedure, 
and to enable the method to be employed 
Kelvin devised the tide-predicting machine, 
the purpose of which is to find the resultant 
or sum of a number of simple harmonic motions. 
In this machine a wire, fixed at one end, passes 
over a number of pulleys the centre of each 
of which is made to move vertically with 
simple harmonic motion, the portions of wire 
between the pulleys being vertical ; the other 
end of the wire carries a pen moving in a 
vertical guide, which records on a drum 
rotating about a vertical axis. The rate of 
rotation of the drum corresponds to mean 
solar time, and the periods of the various 
components are permanently adjusted by 
appropriate gearing in relation to this. The 
amplitude /H and initial phase-angle V 0 +n. — k 
can be set for each component for any given 
port. The summation required is then effected 
by the wire. From the curve obtained the 
heights and times of high and low water can 
be read off : the height of the tide at any 
other time can of course be obtained from the 
curve, if required. 

The tide-machines at present in use do not 
in general include sufficient components to 
enable them to be used for riverain ports, 
situated on rivers where at certain seasons of 
the year a great rise in water level occurs 
owing to the rains. In such cases Lubbock's 
method is usually employed, tables being con- 
structed for each month separately, connecting 
the mean times and heights of high and low 
water with the times of moon’s transit in the 
manner explained in § (3). Corrections for 
the diurnal components are obtained by an 
empirical method, with the aid of the tide- 
predicter. 

As an example to show the closeness of 
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agreement obtained in the analysis of tides 
for successive years, the following figures for 
Bombay will be of interest : 

Prince’s Dock, Bombay 


Values of H (ft.). 


Tide. 


■ — 7 





1888. ' 

1889. 

1890. 

1891. 

1892. 

Mo 

4095 

4-115 

4-102 

4-106 

4*112 

s a 

1 -656 

1-644 

1-640 

1-605 

1-614 

N 

1-013 

1 -004 

0-986 

1-001 

0-993 

Kj. 

1 -387 

1-390 

1-397 

1-395 

1-404 

0 

-602 

•680 

*651 

•049 

•054 

p 

-379 

-410 

-411 

•403 

•423 

M / 

•049 

•052 

■023 

•057 

•055 

S m 

■130 

-122 

•239 

•005 

; -134 



Values of k , 



Tide. 






1888. 

1889. | 

1890. 

1891. 

1892. 


Mo 

328-6° 

329-4° 

329-0° 

329-2° 

329-4° 


1-2 

1*0 

4-0 

3 8 

4*1 

N 

311-6 

313*4 

314-3 

314-2 

314*9 

K x 

44-1 

44-7 

44-8 

44*3 

44-9 

0 

48 -3 

48*2 

47-3 

45-9 

47-8 

P 

43-0 

43-4 

43-9 

44-1 

44-2 

Mf 

$m 

344*2 

345-7 

10-2 

36-5 

5*8 

133-9 

177*9 

209-0 

203*1 

176-2 


The degree of accuracy here shown may be 
taken as fairly typical. It may be noted, also, 
that for this port the ratios of the amplitudes 
P/K x do not differ greatly from their 
theoretical values. The values of k for P and 
Kp whose speeds are nearly equal, are almost 
identical. 

The age of the tide = /c(S 3 ) - k( M a )/Speed 
of Sy - speed of M 2 33 hrs. approx. 

As an illustration of the accuracy of the 
predictions made with the Indian tide-pre- 
dicting machine, the following comparisons of 
observed and predicted times and heights for 
Prince’s Dock for the year 1917, furnished by 
the Indian Survey Department, may be taken. 
High-water times : 43 per cent within 5 

minutes, 82 per cent within 15 mins., 97 
per cent within half an hour. With regard 
to the few occasions on which the difference 
exceeds half an hour it may be remarked 
that where the diurnal components are large 
the whole amount of rise and fall at neap tides 
may often be very small and the change in level 
at high and low water therefore very small. 
At a, number of ports, c.r/. Aden, often only 
one high and one low water occur in the 
24 hours at neaps. High - water heights : 
f>3 per cent within 4 inches, 92 per cent within 
8 inches, 100 per cent within 1 foot. ; only a 
very few differences exceeded 1 foot. The 
spring range at Prince’s Dock is about 14 
feet. 


At Bhavnagar, where the range is 31 ft., 
the accuracy in the same year was even 
greater : 100 per cent of the times were 

within 15 mins., 95 per cent of the heights 
within 8 inches. For both ports the 
accuracy was about the same for the low 
waters. 

§ (6) Dynamical Theory of the Tides. — 
The equilibrium theory of the tides is very 
far from giving a complete or even approxi- 
mately correct solution of the motion of the 
sea resulting from the attraction of the moon 
and sun. It takes no account of the inertia 
of the water, of friction, or of the effect of the 
configuration of the land. It indicates, how- 
ever, that the tides are forced oscillations of 
the water, the periods of which can be deter- 
mined from the known motions of the moon 
and the sun. If the free period of oscillation 
in a confined ocean of finite depth should 
nearly coincide with the period of one of the 
component forced oscillations, the amplitude 
of that oscillation may be enormously increased. 
Further, if the period of the free be less than 
that of the forced oscillation, the maximum 
disturbance will tend to agree in phase with 
the maximum of the disturbing cause and the 
tide will be direct ; if the period of the free 
oscillation be the greater, the phases will tend 
to differ by 180° and the tide will be inverted . 
The latter is to be regarded as the normal 
condition in respect of the tides ; it follows 
that we may expect low' water to occur under 
and opposite to the moon, instead of high 
water as in the equilibrium theory. The 
effect is of course complicated in the actual 
case by various causes. 

Laplace was the first to make any serious 
attempt to arrive at a dynamical theory of 
the tides. Among the conclusions he reached 
the most interesting w r as that in an ocean of 
uniform depth the diurnal tide would be 
evanescent. This conclusion has in recent 
years been confirmed by Hough, who has given 
the most complete discussion of the dynamical 
theory. He examines the various types of 
free oscillations of the ocean, and gives 
examples of the effect which difference in 
depth may have on the theoretical tide. Thus 
for an ocean 29,000 ft. in depth he finds that 
the solar semi-diurnal tide would have at the 
equator a height 235 times as great as the 
equilibrium height and would be inverted. 
The general conclusion from Hough’s work 
is that it is impossible to foresee the height 
of any forced tide-wave from theoretical con- 
siderations. It is unnecessary here to go into 
further detail. 

§ (7) Ootid at. Charts. — A cotidal line may 
be defined as a line drawn through all the points 
on the surface of the sea at which the high 
water following full or change of moon occurs 
at the same hour of Greenwich time. If 
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cotidal lines be drawn corresponding to the 1 
hours XII., I., XL, III., a cotidal chart may 
be constructed from which, in certain regions, 
the travel of the tidal wave along the coast 
may be studied. Various endeavours have 
been made to construct cotidal charts for the 
different parts of the world, the most complete 
attempt being that of Rollin A. Harris, as 
given in his Manual of Tides , part iv. B. 
The difficulties, however, in preparing such 
charts for the larger oceans are consider- 
able, owing to the lack of information as 
to the tidal movements in mid-ocean ; and 
considerable doubt has been expressed by 
Sir George Darwin and others as to the 
value of such charts in the present state 
of knowledge except in the case of certain 
limited areas. 

For further information on this and other 
general questions of interest in connection 
with the tides, e.g, tidal friction and its effect 
on planetary motion, reference may be made 
to the authorities given below. 

Authorities. — Sir G-. H. Darwin, Collected Papers, 
I. ; Ency. Brit article “ Tides ” ; see also The 
Tides and Kindred Phenomena in the Solar System 
(John Murray, 2nd ed„ 1901); Rollin A. Harris, 
Manual of Tides , TJ.S. Coast and Geodetic Survey; 
Great Trigonometrical Survey of India , xiv. ; S. S. 
Hough, Phil . Trans.) clxxxix. A and cxci. A ; also 
British Association Reports . e 


Time : 

Mean solar. See “ Clocks and Time-keeping,’ 5 
§ (1). Also “ Metrology, 55 § (2) (ii.). 
Sidereal. See ibid, I. § (2) (ii.). 

The measurement of. See “ Clocks and 
Time-keeping, § (1). 

True solar. See “Metrology, 55 I. § (2) (ii.). 

Time, Measure of. — The standard of time 
is derived from the period of the earth’s 
rotation, and the unit of time in both metric 
and British systems is the mean solar 
second, which is equal to 1/(24 x 60 x 60), i.e. 
1/86400 mean solar day. 

A true solar day is defined as the interval 
between successive transits of the centre of 
the sun’s disc over a meridian, but this 
interval varies throughout the year, and in 
order that the civil day may be of uniform 
length, standard time is measured with 
reference to a cc mean sun ” which is 
supposed to revolve uniformly round the 
earth in a time equal to the average length 
of the true solar day. 

(i.) The mean solar day on which the 
definition of unit time is based is therefore 
defined as the average interval between 
successive transits of the centre of the sun 
across any given meridian. 

(ii.) The tropical or solar year is the aver- 
age interval between successive passages 


of the sun across the first point of Aries (the 
first point of Aries is the point where the 
sun crosses the equator from south to 
north) ; it is the intersection of the celestial 
equator with the ecliptic. 

(iii.) The Civil Year . — According to the 
Julian calendar the civil year contains 365 
days for three successive years, the fourth 
year containing 366 ; a further correction 
is made by which a century year contains 
365 days unless divisible by 400, when it 
contains 366, 

The average value of the civil year 

_365 x 303 + 366 x 97 
400 

= 365*2425 days, 

and is accordingly approximately equal to 
the solar year, which contains 305*2422 mean 
solar days. 

(iv.) The Sidereal Day is defined as the 
interval between two consecutive transits 
of the first point of Aries across any selected 
meridian, and is therefore equal to the 
period of rotation of the earth with reference 
to the fixed stars — the value is 23 hours, 56 
minutes, 4-0906 seconds. 1 

(v.) The Sidereal Year is the time interval 
in which the sun appears to perform a 
complete revolution with reference to the 
fixed stars. 

( vi. ) Equivalents . — 

1 tropical or solar 

year . . . =365*2422166 mean solar days. 


1 sidereal year . 

= 366*2564 sidereal days. 

= 365*2564 mean solar days 
(epoch 1900). 

1 mean solar day . 

= 86,400 sec. 

=0-002737909 mean solar year. 
= 1-00273791 sidereal days. 

= 24 hr. 3 min. 56-56 see. in 
sidereal time. 

1 sidereal day 

= 86,164-0906 sec. 

=0-99727 mean solar day. 

= 23 hr. 56 min. 4-09 sec. in 
mean time. 

If 1 year 

= 360°. 

1 mean solar day =0° 59' 8-33", 

1 week . .* =0° 53' 58". 
30 days . . =29° 34' 10". 

1 hour . 

= 1-140795 x TO-* year. 

=0° 2' 27-847". 

1 minute 

= 1 -90132 x 10~ 6 year. 

= 2-4(54". 

1 second 

= 3-168806x10-® year. 
=0-0410(50". 

Length of the 
= 39-13929 in. 

seconds pendulum in London 


1 Owing to the precession of tire earth’s axis the 
true period of the earth’s rotation is approximately 
-01 sec. longer than the sidereal day. 
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(vii.) Rotation of the Earth . — 

Relative to a star . co “0-00007292 r./s. 
Relative to the sun . 1 hr. = 15°. 

1° =4 min. 


Time Standard. — Tor the British Isles and 
the greater part of Western Europe ( France, 
Belgium, Spain, and Portugal) Greenwich 
Mean Time is the standard and is known 
as GAIT, or W.E.T. (Western European 
Time). Tor other countries a system of 
zone time lias been adopted in which the 
time is referred to some standard meridian 
chosen so that the difference between the 
standard time for the zone and G.M.T. is a 
whole number of hours or half-hours. Tims 
zone 0 lies between 71 W. and 73 E. and 
keeps the time of meridian 0°, i.e. G.M.T. ; 
zone 1 lies between 71 W. and 22.1 W., and 
keeps the time of meridian 15° \V., Le. one 
hour behind GALT. ; zone - 1 is between 
71 E. and 221 E., and keeps the time of 
meridian 15° E. one hour in front of G.M.T. 
Some adjustment of the zones is made on 
account of political boundaries. 

(L) Local Mean Time . — In order to con- 
vert time in GALT, into local mean time 
add 4 minutes for each degree of longitude 
for places east of Greenwich, and subtract 
4 minutes for each degree for places west of 
Greenwich. 

(it) Apparent Time . — Time based on the 
length of the true solar day is called 
“ apparent time,” and it is this which is 
; measured by a sundial or sunshine recorder. 
In order to obtain local apparent time 
from local mean time a correction must be 
applied, known as the equation of time. 
The value of the correction is zero on April 
1(> and June 15, reaches maxima of 4- 1(5 
minutes 21 seconds on November 3, and 
4 3 minutes 49 seconds on May 14 ; and 
minima of - 14 minutes 25 seconds on 
February 12, and ~ <> minutes 18 seconds 
on duly 2(> —a positive sign meaning that 
the value is to be added to mean time to 
obtain apparent time, and a negative sign 
meaning that the value is to be subtracted. 
Accurate values of the equation of time 
for each day are given in the Nautical 
A Inianac. 


(iii.) Sidereal Time . — If a great circle be 
drawn from the pole to a star the angle this 
hour circle makes with the meridian is 
termed the hour angle . The hour angle 
west of the first point of 
Aries, turned into time 
at the rate of 15° P er 
hour, is known as sidereal 
time. 

(iv.) Summer Time . — 
Since 1916 it has been the 
practice in most countries 
of Western Europe to use 
Summer Time* which is 
one hour in advance of 
G.M.T. The period over 
which summer time extends 
varies in different countries and from year 
to year. 

See Vol. I. “Measurement, Units of.” 

Time Zones. See “ Clocks and Time-keeping,” 

§ ( 1 ). 

Time and Azimuth, Determination oir : 

By equal altitudes of three, or more stars. 
See “ Latitude, Longitude, and Azimuth 
by Observation in the Field,” § (5). 

By observation in the field, the latitude being 
known approximately. See ibid. § (2). 
Tolerances in Engineering Work : 

On cylindrical parts, for various classes of 
fit, standardisation of. See “ Metro - 
logy,” § 28. 

Shaft and hole bases. See ibid . § (30) (L). 
On gauges. See ibid. § (18). 

On screw gauges. Sec ibid . § (27). 

On screw threads. See ibid. § (26). 

Unilateral and bilateral. See ibid . § 29 (ii.). 
Tono-migrometer : an instrument, whoso 
construction depends on the quartz fibre, 
for detecting the faintest musical sound of 
the pitch to which it is tuned. See u Radio - 
micrometer,” etc., § (4). 

Torsion Balance : a laboratory iusti*um.ont 
for measurement of the constant of gravita- 
tion Tby the torsion method of balancing very 
small couples. See “ Earth, Density of/* 

§ ( 2 ). 

Tralles : alcohol tables. Sec “ Aleoholo- 
metry/ 1 § (4). 

TRIGONOMETRICAL HEIGHTS ANT) 
TERRESTRIAL ATMOSPHERIC RE- 
FRACTION 

§ (1) Effect of Refraction. — When a 
scries of triangulation is executed, it in 
usual at each station to observe the an glen 
of elevation of all the surroimding statin nw 
with a view to determining their relative*? 
heights. The rays joining stations are not 
straight, but arc bent into a curve by the 



Revolutions. 

Radians. 

Degrees, etc. 

Sidereal day . 

1 

2tt 

360° 

Mean solar 




day . 

1-00273791 

6-300388 

360-98565° 

Hour 

4-178075 x 10" 1 

2-625162 x 10- 1 

15-04107° 

Minute 

6-903458 x 10~ 4 

4-375270 x 10~ 3 

15-04107' 

Second . 

1-160576 x 10- 5 

7-292116 xl0~ 5 

15-04107" 


Sec Vol. I. “ Measurement, Units of.” 
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action of atmospheric refraction. This bend- 
ing takes place almost entirely in a vertical 
plane, and the horizontal component is in 
general too small to he detected except in 
the case of close grazing rays; although in 
first-class work triangular errors do not in 
general exceed T'-O or less, and a refraction 
effect of 1" would be recognised. This lends 
support to the otherwise natural conjecture 
that the distribution of the atmosphere is 
symmetrical about the vertical, or, in other 
words, that the layers of equal density in the 
air are horizontal, for the refractive index 
of air diminished by unity varies as the density 
of the air. Some method has to be adopted 
by means of which the refraction in the 
vertical plane can be evaluated. 

§ (2) Tkeouy. (i.) General . — It has been 
customary, for the purposes of many com- 
putations occurring in sur- 
vey operations, to regard 
the earth as being of spher- 
oidal form, and this is one 
assumption on which the 
generally adopted method 
of dealing with refraction 
rests. In Fig . 1 is shown 
a vertical section through 
two stations A, B, whose 
verticals cut each other 
at O and the sea - level 
spheroid at A 0 B 0 . The 
path of light between A 
and B is shown by the 
dotted line, and the tan- 
gents to this at A and B 
meet in T. Thus the angle 
of refraction at A of B is ^ 1 = BAT, and 
similarly = ABT. 

This vertical angle of B observed by theodo- 
lite at A is clearly an elevation E = OAT - 90°. 
The distance A 0 B 0 is found from the triangu- 
lation, and this combined with the known 
radius OA 0 allows the angle x to he computed. 
The relation 



O As - 90° + OS A - 90° + x = ■ 0 

may be written 

E 1 -9 1 + E 2 -Q 2 + x : =0, 


( 1 ) 


in which the only unknown quantities are 
Thus the sum of these two refraction 
angles is found if the angles of elevation at 
both A and B are observed simultaneously. 
It has generally been assumed as a practi- 
cal working method that = = so that 

0 = ^(E 1 + E 2 + x). It is also assumed that 
= when k is a constant for various values 
of x an ^ is called the coefficient of refrac- 
tion. These two assumptions are tantamount 
to saying that the path of light from the station 
A is always circular and of the same radius 
for all angular elevations. It is clear that 


the coefficient of refraction is given by 
k = ( 1 J2x) (E x + E 2 + %). To obtain a value of k 
at A observations at A and surrounding stations 
are made and an average of the results obtained 
is used. When it is not convenient to visit 
any station but A, a value of k may be selected 
based on experience and on the values of k 
found elsewhere. 

(ii) Corrections.— Some restrictions are neces- 
sary to ensure reasonable accuracy resulting 
from this method. Atmospheric refraction 
between two points is by no means a constant 
quantity. It was noticed about 1840 that the 
refraction generally had a minimum value 
sometime between 1 p.m. and 4 p.m. ; and its 
values at these hours on different days vary 
less than the values observed at other times. 
In practice it is generally impossible to observe 
the angles at both ends of a ray simultaneously. 

It has accordingly become the custom to make 
all observations of vertical angles at or about 
the time of minimum refraction, whereby the 
equation 

^ = ~(E X + E 2+ x) 

may be used with greatest chance of success. 
It will readily be seen that this equation 
has no proper apjjlication if used with ..values 
of E x , E 2 taken at any and different hours. 

(iii.) Local Conditions .— When a value of k 
has been arrived at, it is possible to write down 
a value kx of the angle of refraction for any 
observation taken at, or about, the same time 
of day, and so to deduce a value of the height of 
any observed object whose distance is known ; 
but it is not to be supposed that a good esti- 
mation of the refraction has been made with- 
out doubt. Atmospheric refraction is a very 
variable quantity and local conditions affect 
it largely. For example, a ray close to the 
ground behaves very differently from a ray 
fifty feet above it/ The procedure given 
above is really only suitable to give fairly 
good results if used with some discretion. 
Cases occur in plains where no adequate 
allowance can be made for refraction and 
vertical angles in conjunction with triangula- 
tion are useless. It is to be marked, too, 
that the time of minimum refraction generally 
agrees with the time of minimum clearness ; 
and often a low-lying object is so blurred at 
this time that observations on it arc impossible. 
In other cases in hills refraction changes with- 
out warning and differs by considerable 
amounts at the hours of minimum refraction 
on successive days. It is partly on this 
account that in geodetic triangulation it is 
usual to extend observations of vertical angles 
over at least three days. 

(iv.) Values Found . — Various values of k 
have been determined in different countries 
and at different heights, Clarke (Bib. 3, 4) 
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has distinguished between rays over land and 
those mainly over water. As refraction de- 
pends on the density of the air, k should 
decrease at greater altitudes. Values collected 
by Montgomerie (Bib. 15) from Himalayan 
observations, however, show very considerable 
irregularities from what might be expected. 
Walker’s values (Bib. 5) in the Punjab give 
an indication of variations which are liable to 
occur in rays close to the ground. 

(v.) Criticism of the Method . — The pro- 
cedure explained above is not fully satis- 
factory, considered from either the theoretical 
or practical standpoint. This has been re- 
cognised in practice, and when possible heights 
found from triangulation have been adjusted 
on spirit -levelled values — a method which 
may lead to results satisfactory enough for 
topographical maps. But in much of the 
triangulation on which topographical maps 
depend it is impossible to restrict obser- 
vations to time of minimum refraction, and 
spirit-levelling is not always available ; so 
that very considerable errors may occur in 
heights determined by vertical angles. For 
geodetic purposes the method has little to 
commend it, and for these it should not always 
be followed. 

For topographical purposes a working 
method of finding the refraction appropriate 
to the time and day of observation is required, 
especially when the time does not coincide with 
the time of minimum refraction. For dealing 
with observations taken at times considerably 
different from that of minimum refraction 
no very satisfactory guidance can bo givep. 
At heights such as 10,000 feet the diurnal 
change in refraction has been found to bo 
negligible, and at lower heights it becomes 
increasingly more apparent. In a series of 
cases it has been found that the refraction 
at a station varies during the day pretty closely 
as the temperature, and (Bib. 1 1 ) may be 
approximately expressed by il - U, H — M(r w - t), 
where M is a constant for a given ray for all 
times (probably the same for all rays proceed- 
ing to the same hoight) r m is the maximum 
temperature, and Q tn is the minimum refraction. 
The value of M, which is an empirical quantity, 
would have to bo found experimentally in 
each case, until some rules for its evaluation 
can be laid down ; and this stands in the way 
of its practical application meanwhile. For 
geodetic purposes the whole question must 
bo more carefully considered, which will now 
bo done very briefly. 

§ (3) A More Exact Theory. — It is to 
bo remembered that the sea-level surface of 
the earth which is generally called the “ geoid ” 
does not exactly coincide with any spheroid. 
A closer explanation of the distinctions be- 
tween spheroid and goo id will bo found in the 
article “Gravity Survey.” 


The primary object of geodesy is to find 
the form of the geoid, which can most easily 
be exhibited by its deviations from some 
selected spheroid of reference. The geoid, 
being an irregular figure, does not form a 
convenient basis for formulae whereby com- 
putations of triangulation can be carried out ; 
and so these are done in relation to the spheroid. 
In the reduction of the horizontal angles the 
inaccuracies brought in by applying geoidal 
angles to the spheroid are small. Where 
vertical angles are concerned the case is 
different. The verticals to the spheroid and 
geoid at a point do not in general agree. The 
spheroidal vertical is defined by the latitude 
and longitude of the point computed by 
triangulation, while the geoidal vertical can 
be obtained by astronomical observations. 
The difference of the two verticals is what 
is generally called the deflection of the plumb- 
line. Now all vertical angles measured by a 
properly levelled theodolite refer to the geoidal 
vertical and accordingly are not rightly 
introduced into a formula based on the 
geometry of the spheroid. To be consistent 
it is necessary in (1) either to apply corrections 
to the elevations E x , E a to express them in 
terms of the spheroidal vertical, or else to 
compute x properly for the geoid and not 
for the spheroid as is the usual practice. 
Thus if the plumb-line deflection at A towards 
B is S t (and at B towards A is Sf) the equation 
(1) may be correctly written 

®i+®!i+ • (2) 

X being computed for the spheroid. Here S x 
and 5 2 being measured in opposite senses 
very often tend to cancel. But in hilly country, 
such as the Himalayas, large valueB of 5 up 
to 1' of arc occur, and uncancelled amounts 
of 5 X + S 2 may reach 30", which will lead to 
a very considerable error in the estimation 
of Oj + JTj (which is about 6" per mile of ray 
length). It is very easy to see that a 20 per 
cent error can easily arise in the determination 
of “ k ” on this account. The quantity 
must also be introduced into the formula for 
the spheroidal height of B above A, which 
can be properly derived from the formula 
OB cosec OlB = OA cosec OBA, in which 
OAB = E 1 + 3 1 -0 1 and OBA = E a + S a - O* 

The resulting hoight has no exact connec- 
tion with that derived from spirit-levelling, 
for this latter is the geoidal height. By the 
nature of the observation the spirit level is 
always set up parallel to the geoid, and by 
virtue of the large number of times of setting 
up follows the geoid in great detail ; and 
at no point assumes the form of the geoid to 
bo a spheroid (except maybe in the applica- 
tion of the orthometric and dynamic height 
corrections). The two heights of a point de- 
rivable from vertical angles (with due allow- 
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ance for refraction and plumb-line deflection), 
and spirit - levelling, obviously differ by the 
same amount as the spheroid differs from the 
geoid; giving a measure of the height of the 
geoid above the spheroid and so showing 
what is the true figure of the geoid. It is of 
primary importance in deduction of values of 
h that the deflections s v s t should be in troduced 
as in equation (2). 

Now the assumption that the refraction 
angles of the two ends of a ray are equal, 
even when these are simultaneously observed, 
cannot be fully justified except when the two 
ends are at the same height. Nor is it logical 
to consider a coefficient of refraction the same 
for all angular elevations, and thus, by trans- 
ference from one end of a ray to the other, 
the same for all heights. Refraction depends 
on the density of the air. It is greater in 
denser air than in air less dense. At one 
station it is greater on a descending ray than 
on an ascending ray. These are facts which 
can be readily verified, especially in the case 
of observations taken when the refraction is 
not a minimum. The idea of coefficient of 
refraction should be restricted to horizontal 
rays. Denoting this by 1c it may be possible 
to express the refraction angle on any other 
ray by k(l+j3h)x 9 where /3 is a constant at 
any moment and Ti is the height above the 
station attained by the ray. But neither k 
nor jS are absolute constants for different 
days. 

§ (4) Temperature Effects. — In the case 
of an atmosphere enclosing a gravitating sphere 
the atmosphere would he in mechanical and 
thermal equilibrium if the successive layers 
of equal density (and also of equal pressure 
and temperature) were arranged in concentric 
spheres ; and if the adiabatic relation between 
pressure and density in passing from any 
isobar to another were maintained. This 
latter condition gives rise to a temperature- 
height gradient which is named the adiabatic 
gradient and amounts to fall of temperature 
of about 0°*54 F. per 100 feet of height 
for dry air. For moist air it is about 0°-3 F. 
per 100 feet. The atmosphere, however, is 
subjected to many disturbing effects of which 
the main is the diurnal change from night 
to day. This only allows the atmosphere to 
adjust itself somewhat nearly as laid down 
above, and this state is in general most nearly 
attained at much the same time that the air 
at the lower level reaches its maximum 
temperature. The reason of this can be seen 
readily if the causes are looked into. The lower 
air takes its temperature mostly from the 
surface heat of the earth. If then the layer 
in contact with the hot earth becomes hotter 
in comparison with what is above than it 
should be according to the adiabatic gradient, 
its tendency is to rise continuously through 


any layers in which the gradient persists. 
And it will continue too hot for its place during 
this process until it has" given up its excess 
heat by conduction. Excessively hot air* in 
any lower layer of the atmosphere is accord- 
ingly caused to dissipate its superfluous 
heat to higher layers, whose temperature it 
raises slightly. It will be seen, then, that so 
long as the lower layers are too hot there 
persists a tendency to adjust temperatures ; 
and if sufficient time were allowed the adjust- 
ment would become perfect. Moreover, the 
temperature gradient cannot for long exceed 
the adiabatic gradient. If the earth is chilled 
by radiation, as occurs at night, the air in 
contact with it is also chilled to a temperature 
below that fitting adiabatically what is above. 
The tendency of the lower air would be to 
fall were it not precluded from doing so by 
the earth itself. It is only possible for it to 
receive heat by conduction from what lies 
above it, thereby chilling the air to a height 
which increases with time. Here then is no 
convection. When the earth’s surface is of 
high radiative power this may lead even to 
a temperature inversion — i. e. a rising of 
temperature with height up to a certain point 
and later a fall of temperature— a condition 
of affairs brought into evidence by the hang- 
ing of smoke at a constant level. Of these 
two processes it is clear that the former, 
in which the lower layers of air become 
heated and strive towards equilibrium with 
the help, where necessary, of convection, 
leads to a much more uniform state of affairs 
than can be expected from the slow latter 
process. 

Observations of angles of elevation of an 
object day after day and at stated hours show 
in general that greater uniformity of results 
occur among those taken at the time of maxi- 
mum temperature, at which time the refraction 
is least. If observations are continued during 
a number of months in the year, some seasonal 
effect appears in the amount of the refraction 
at maximum temperature. True minimum 
refraction may be considered to be what occurs 
when the gradient is adiabatic ; and this in 
general is a quantity fairly closely approxi- 
mated to in case of observations taken at 
times of maximum temperature. 

§ (5) Refraction Formulae. — Formulae 
may be derived which represent the refraction 
under normal conditions. These are based 
on the assumption that the air is distributed 
symmetrically as regards density (and con- 
sequently also pressure and temperature) 
about the vertical ; and they require some 
knowledge as to the relation obtaining be- 
tween the temperature at a point in the air 
and its height above any convenient datum. 
It is then necessary to make xise of the 
following conditions : 
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p = C rp , where p = pressure, 

t = absolute virtual temperature 
(thus allowing for humidity) 9 
p = density, 

dp*** — pgdh, = height above datum, 

/x—l—Kp, /x = refractive index of air for 

dominant wave length (say 
sodium D line), 

pir + h) sin = 0= direction measured from 

vertical, 

C — constant, 

K*= constant, 

B — constant. 

From these it can be shown that the true 
<e minimum ” refraction corresponding to the 
temperature gradient which is adiabatic 
(viz, a = 0°*542 F. per 100 feet for dry air) 
may be expressed : 

to = W x + 

where to x = 3*475 x lO^l-t- {^f )~ pT 

^--3-475 x 10^ 

• ‘5! 

T 

and w a = - 13-8- - 

in which 

l ss sea -level length of trace of ray in miles, 
7^5= height of observed point in feet, 

Res radius of earth, 

g (> = gravity at station A, 

g H = gravity at sea level, latitude 45°, 

H = barometer reading in inches corrected 
for temperature of mercury only, 
r s= absolute temperature (Fahrenheit), 

0 ass apparent Z.D. of object observed. 

The adiabatic gradient is not usually 
reached, and the refraction can for the 
general case bo represented by 

O —f x co x 4*/ a w 2 , 

where co ± and co 2 arc as given above: 

_ 1*869 -a 
1 1*327 " ’ 


(1*869 - a)( 1*869 - 2a) 

" ~ 1*042 

in which 


a 



fall in temperature F. per 100 feet, 



dl? 


§ (C>) Application of the Formulae, — 
The main difficulty in applying these formulae 
is that knowledge of drfdh and d-rjdli 1 is 
required, which is not generally available. 
Perhaps the most obvious way of gaining it 
is by readings of pressure and temperature 
at two known heights. Such measurements 
ought certainly to be made in any ease where 
precision is desired. Failing them, the only 
course is to take average values, which can 


hardly be expected to apply very well in all 
countries of widely different character and 
climate. 

An average observed gradient of tempera- 
ture in the atmosphere is 0°*6 0. per 100 
metres (Bib. 18) or 3°*3 F. per 1000 feet. 
This agrees with Kelvin’s adiabatic gradient 
for moist air (Bib. 19). It seems to be the 
best gradient which can be chosen for the 
time of minimum refraction when no special 
determination has been made. Taking the 
gradient as 3° F. per 1000 feet, the table 
given on the following page has been con- 
structed from the formulae of § (5) to give 
the best value of Jc 0 , the coefficient of horizontal 
refraction, appropriate to any height. 

If temperature and pressure are known, 
or estimated, at the station of observation 
somewhat different from ’ the tabular values, 
allowance can be made by aid of the correction 
columns. The table also gives the values 
of log (l-2/O, which is the quantity which 
actually enters the usual computation for 
heights. 

So far a horizontal ray has been considered. 
It is easily shown that, if the temperature 
gradient is uniform along a sloping ray — it 
has already been assumed to be 3° F. per 1000 
feet throughout — that the coefficient of refrac- 
tion for the sloping ray is the coefficient of 
horizontal refraction for height H a -f -JA h 9 
whore H tt is the height of the observing 
station, and Ah is the height above this 
station of the point observed. The procedure 
accordingly is to estimate Ah roughly from 
a special height indicator chart, and take out 
k 0 for the height H 0 4- l Ah, applying correc- 
tions for the differences of temperature and 
pressure tabulated for H a and observed there. 
This process has (1920) given encouraging 
results when applied to a number of Indian 
observations. 

For further information on this subject see 
Bib. 11. 

§ (7) Effect of Sloping Ground and 
Rapid Temperature Changes, (i.) Lalle- 
mand. — Lallemand has proposed formulae for 
refraction of rays which are close to sloping 
ground (Bib. 12 and 13). These occur when 
a lino of spirit -levelling is carried up a hill 
road. He assumes that the layers of equal 
air temperature in this case arc parallel to the 
ground, which seems a very proper assump- 
tion for rays within ten feet of the ground. 
For the case when the level is placed half-way 
between the two levelling staves ho obtains 

T> f _ / T.2 

E= -0-00108^ (f-’+Jfi S ~m 

in millimetres, where E is the error, B is 
the barometer reading in mm., t t , U, b, are 
the temperatures in degrees centigrade of the 
air at points on the ray where it meets the 
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Height 
above or 
below 
M.S.L. 

Barometer 

/3- 

Temperature 

t. 

K. 

Log (1 - 2k). 

7 m 

A 0* 

Correction for 

Log 

(1-2/,-c). 

Correction for 

+i". 

+ 10°. 

+ 1". 

+ 10 °. 

o 

o 

o 

rH 

1 

30" *9 

85° 

0-0823 

+ •0027 

- *0031 

1-9219 

- *0028 

+ *0032 

0 

30" *0 

82 

0-0804 

•0027 

•0030 

1-9239 

■0028 

*0031 

+ 1,000 

29" -0 

79 

0-0784 

*0027 

*0030 

1*9259 

*0028 

*0031 

2,000 

28" "0 

76 

0-0766 

•0027 

•0028 

1*9278 

*0028 

•0029 

3,000 

27" *0 

73 

0*0749 

•0028 

•0028 

1-9295 

•0029 

•0029 

4,000 

26" *1 

70 

0-0732 

*0028 

■0027 

1*9313 

•0029 

*0027 

5,000 

25" -2 

67 

0*0714 

*0028 

*0027 

1*9331 

*0029 

•0027 

6,000 

24" *3 

64 

0*0696 

-0029 

*0027 

1-9349 

•0029 

•0027 1 

7,000 

23" *5 

61 

0*0679 

•0029 

*0026 

1*9366 

•0029 

•0026 

8,000 

22" *6 

58 

0*0662 

*0029 

•0026 

I -9383 

•0029 

•0026 

9,000 

21" *8 

55 

0-0647 

*0030 

•0025 

I-939S 

*0030 

*0025 

10,000 

21" -0 

52 

0*0631 

•0030 

•0025 

1*9414 

*0030 

•0025 

11,000 

20" *3 

49 

0*0615 

*0030 

*0024 

1*9430 

*0030 

-0024 

12,000 

19" -5 

46 

0*0599 

*0031 

•0024 

1*9446 

*0031 

-0024 

13,000 

18" -8 

43 

0*0584 

•0031 

*0024 

1*9461 

•0031 

•0024 

14,000 

1S"*1 

40 

0-0569 

•0031 

*0022 

1*9475 

*0031 

•0022 

15,000 

17" -4 

37 

0-0555 

-0032 

*0022 

1*9490 

*0031 

■0022 

16,000 

16" -8 

34 

0-0541 

•0032 

•0022 

1*9503 

•0031 

•0021 

17,000 

16" -1 

31 

0*0526 

•0033 

*0021 

1*9517 

-0032 

■0020 

18,000 

15" *6 

28 

0*0513 

•0033 

•0021 

1*9530 

•0032 

•0020 

19,000 

15" '0 

25 

0*0500 

■0033 

*0020 

1*9542 

*0032 

•0019 

20,000 

14" '4 

22 

0*0486 

•0034 

•0020 

1*9556 

*0033 

•0019 

21,000 

13" -8 

19 

0*0474 

*0034 

•0020 

1*9567 

■0033 

•0019 

22,000 

13" -2 

16 

0*0460 

•0035 

•0019 

1*9581 

*0033 

•0018 

23,000 

12" *6 

13 

0-0444 

•0035 

•0019 

1*9596 

*0033 

1 -0018 


front staff, telescope, and back staff respect- 
ively, D is difference of staff readings, 
L the distance between staves, a is the co- 
efficient of expansion of air, 0 the mean of 
the three temperatures observed. 




a — § log (1 - 5^) 


log (1+5) -log (1-5) 
where +=0-434 (logarithmic modulus), 


1 

25 ’ 


t s -t 2 log (1 + 5) 
T ~h~h~ log (1-5)’ 


which defines 8 in terms of the three tempera- 
tures, Values of <p(8) for various values of 
r are shown in table : 


r 

0*0 

0*1 

0*2 

0*27 

0*3 

0*4 


0*000 

0*040 

0*063 

0*066 

0*065 

0*059 

T 

0-5 

0*6 

0*7 

0*8 

0-9 

1*0 

0(5) 

0*049 

0-038 

0 028 

0*017 

0*007 

0-000 


The expression above is derived from the 
empirical temperature law, t = a -1- b log ( h + r). 
The coefficients a, b 9 c can be found when 
temperatures at three levels have been ob- 
served ; but this is not necessary for the 
application of the first formulae. 

(ii.) Cole (see Bib. 14) has found in Egypt 
that the systematic error in levelling is consider- 
ably reduced if the staves are read in order 
back, forward, forward, back. He considers 
that, especially in hot countries, the air tem- 
perature near the ground is changing rapidly, 
and that the effect of refraction, even when the 
ground is level, is rapidly varying; so that 
when the second staff is read, refraction is 
perhaps greater than when the first is read. 
By taking the staves in the reverse order, the 
variation effects the results in the opposite 
sense, and the mean of the readings is freed 
from this time variation of refraction effect* 

§ (8) Range-finding by Depression Range- 
finder. — The formulae given in § (5) may 
be applied to D.R.F, observations to take 
account of abnormal refraction. In this con- 
nection it is to be remarked that very extra- 
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ordinary values of refraction have been 
observed on rays over the sea at small heights 
above it. The D.R.F. is usually constructed 
to allow for normal values of refraction, and 
the effect of anomalous refraction could be 
introduced as a correction. As before, values 
of dr/dh, d 2 r/dh% are required. Unless the land 
station is at a considerable height above the 
sea the term involving d z rjdh z is only small, 
and very probably may be left out of account in 
most cases. The value of drjdh is important. 
It is not a quantity which can be measured 
precisely by thermometers unless these are of 
a special kind, as the interval h is small and 
the temperature differences will be very minute 
reckoned in degrees. An altcimative way of 
evaluating it depending on the dip of the 
horizon is available here. The dip may be 
represented by a" (in seconds). 

a" = 56"-33^/ h' ( 1 - 15-13^r), 
in which 

h'(l - -22'04) =h(l- -22041^), 

At' = !F 2 At, 
xri 0 P»i 519-4 

Jj I — — ■ , 

Os Pn r 
jji Po 51 0*4: 

g = gravity at station, 

gravity at sea level, latitude 45°, 

p () = density of air at sea level, 

= an average density of air between 
station and sea, 

p s = an average standard density. 

If the computed value is compared with 
that observed, an equation is formed from 
which Ar/A = dt/dh can be found. 

§ (9) Field Astronomy and Astronomic 
Atmospheric Refraction. — -Bessel’s or more 
recent refraction tables may be used with 
confidence for any of these observations. 
Refraction enters directly into those observa- 
tions in which star altitudes are observed, 
and only indirectly in observations for time 
by meridian transits and azimuth by circum- 
poiars or Polaris, or E. and W. stars. In 
latitude observations by Talcott method (see 
“ Gravity Survey”) it is usual to employ 
only stars of Z.I). < 40°. As these arc in 
pairs N. and S. of nearly equal Z.D., the 
refraction, assumed sym metrical about the 
vertical, practically cancels in the mean. 


The same occurs in the circum-meridian altitude 
observation to a lesser degree. 

In observations of altitudes of E. and W. 
stars for time, in topographical work the Z.D. 
would generally lie between 50° and 70°. If 
the E. and W. stars are well matched the 
effect of refraction, having opposite signs for 
E. and W. stars, will partially cancel. How- 
ever, for Z.D. 8 not exceeding 70° the refraction 
can be computed from tables very satisfactorily, 
if the air pressure and temperature are ob- 
served. It is, of course, the temperature of 
the air in the open and not in the observatory 
tent that is required. 

For Z.D. 8 up to 70° the refraction differs by 
-c 2" from what is derived from supposing the 
layers of equal density to be plane, in which 
case any law of variation of density with 
height leads to the same total refraction. By 
adding another term the refraction is given 
for Z.D. 8 up to 80° with an error cl"; and 
the term which takes account of curvature of 
the isobars involves the total amount of air in 
a vertical column and is susceptible of accurate 
computation and tabulation. At greater Z.D. 8 
other terms become appreciable in rapidly 
increasing degree, and these involve the actual 
variation of density with height which cannot 
be allowed for, except in an average way as 
done by Bessel and Argelander. 

For all practical purposes of field astronomy 
the astronomic refraction is represented with 
an error <T up to Z.D. 80° by 

= tan <p sec 2 <p • ~ — - • II. 

t 

Where fx = refractive index of air, II is height 
of homogeneous atmosphere of density found 
at the station, r is the radius of the earth, 
and is given by sin (</H i~i^ a ) = /x sin <p 
in which </> is the observed Z.D. With the 
same precision this equation may be written 
in form \p a = (/x — 1) tail <f>. Following the 
general procedure of taking as standard 
barometer H A =30", and standard temperature 
r s =z 459° *4 4- 50° F., and putting in numerical 
values, the astronomic refraction may be ex- 
pressed in seconds : 

yp* = 58*4~f . — tan <f> - -076 ( ~ T ) * tan </> sec 2 </> 

XXjj T \ H/t / T 

= i't- 

Values of these quantities for a few typical 
Z.D. 8 , with standard pressure 30" and tempera- 
ture 50° F., are as follows : 


</'• 

•irv. 

00'. 

V'. • • • • 

58" *4 

r 41" -2 

’Al .... 

0"-i 

0"*5 

v .... 

58" *8 

1 ' 40" *7 

Bessel’s Values 

58" -2 

1 ' 40" *0 

DMl’erenco . . 

- 0"I 

0"*1 


70’. 

75". 

80°. 

2' 40" *6 

3' 38" *3 

5' 32" *8 

1"*7 

4" *8 

14" *3 

2' 38" 4) 

3' 34" *0 

5' 18" *5 

2' 38" -8 

3' 34" -I 

5' 19" *2 

0" 1 

4 0" d 

-1-0" *7 
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The last equation shows how refraction de- 
pends on temperature and pressure, and that 
the main portion of it varies as H/r. 

In geodetic latitudes only stars within 40° 
of Zenith are used, for which clearly the for- 
mula \j/ a =([A- 1) tan <p may be considered 
rigidly correct, unless we are to consider the case 
of unequal refraction in various azimuths for 
which there is no means at present of allowing. 
Apart from purely local irregularities it is 
hardly conceivable that this should reach ap- 
preciable amount. In applying a correction 
for a pair of N. and S. stars in the Talcott 
observation it is clear that a differential 
formula may be used, d\p a =(/a — 1) sec. 2 cpclcp, 
which will lead to as precise a result as if 
each observation were corrected independently. 

All formulae for astronomic refraction are 
based on the assumption that the layers of 
equal density of the air are symmetrical with 
respect to the local vertical. Considering the 
earth as a sphere the equal density surfaces 
are assumed to be concentric spheres. The 
formulae derived give values whose applica- 
tion to actual observations give consistent 
results and so support the validity of the 
assumption. Slight systematic errors in re-, 
fraction may be conceivable as due to local 
peculiarities ; and the form of the meridian 
slit of an observatory is designed with a view 
to lessening these. At such a slit the warmer 
air of the observatory enclosure meets with 
the cooler outer air. Such a cause might be 
effective in showing a false seasonal change in 
variation of latitude ; but its amount cannot 
be other than small. 
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Trofopahse : the boundary between the 
troposphere and the stratosphere. See 
“ Atmosphere, Physics of,” § (5). Also 
“ Atmosphere, Thermodynamics of,” 

§ (5). 

Height of : 

In cyclones and anticyclones. See “ Atmo- 
sphere, Thermodynamics of the,” § (f>). 
Table III. 

Variation with latitude. See ibid. § (£5), 
Table II. 

Troposphere : the lower region of the 
atmosphere in which the temperature on 
the average decreases with height. 
Distribution of temperature in. See 
“ Atmosphere, Thermodynamics of the,” 
§§(4), (5). 

Variation of temperature in. See “ Atmo- 
sphere, Physics of,” § (5). Also “ Atmo- 
sphere, Thermodynamics of,” § (£5). 
Variation of wind in. See “ Atmosphere, 
Physics of,” § (10). 

Turbulence in the Atmosphere. See 
“Atmosphere, Physics of,” §§ (12), (13), 
(14). 

Transference of heat by. See “ Radiation,” 

§ (3) (iv.). 

Tutton Wave-lenoti-i Comparator: de- 
scription and method of using. See “ Com- 
parators,” § (4). 

Tyndall, Professor. Apparatus for the 
measurement of volume of water- vapour- 
present in the air. See “ Humidity,” 
§ (13) (ii.). 
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Ullage : the volume of liquid in a partially 
filled cask. See 46 Volume, Measurements 
of/ 5 § (6). 

Ulloa’s Ring (or Fog-bow) : a white rain- 
bow. See “Meteorological Optics/ 5 §§ (14) 
and (15) (iii.). 

Units of Measurement (in meteorology). 
See 44 Atmosphere, Thermodynamics of the/ 5 
§ ( 2 ). 

Units of Volume. Volumes are measured in 
terms of two kinds of units : (1) those based 
on units of length, e.g . the cubic foot ; (2) 
those defined as the volume of a definite 
mass of liquid, e.g. the gallon. See 44 Volume, 
Measurements of/ 5 § (1). 

Units of Weights and Measures : 

British imperial. See 44 Metrology/’ § (6) (L). 
Metric international. See ibid. § (6) (ii.). 
Subsidiary and derived. See ibid . III. § (9). 

Upper Air : 

Distribution of pressure in. See 44 Atmo- 
sphere, Thermodynamics of the/’ § (7), 
Figs . 11 and 12. 


Distribution of realised entropy in. See 
ibid. § (6), Figs. 9, 10. 

Distribution of temperature in. See ibid. 
§§ (3), (4), (5), (7), (11), (12) ; Tables IL, 
III., VI. 

Distribution of water-vapour in. See ibid. 
§ (5), Fig . 9. 

High conductivity of and its consequences. 

See 44 Atmospheric Electricity/’ § (17). 
Instruments for measurement of meteoro- 
logical elements. See 44 Meteorological 
Instruments,” VIII. § (36), etc. 

Relation between temperature and height. 
See cc Air, Investigation of the Upper/’ 
§ (11). Also 44 Atmosphere, Physics of,” 
§ (2b 

U.S.A. National Coarse Thread : table of 
sizes. See 4 4 Gauges,” § (60). 

U.S.A. National Fine Thread : table of sizes. 
See 44 Gauges,” § (61). 

U.S.A. National Pipe Thread : table of sizes. 
See 44 Gauges,” § (62). 


V 


V-Notch : tabic of rates of flow for 90° notch. 
See “ Meters,” § (31). 

V -shaped Depression. See “ Atmosphere, 
Physics of,” § (18). 

Vapour-pressure in the Atmosphere : 

Distribution of, over the globe. See “Atmo- 
sphere, Thermodynamics of the,” Fig. 5. 
Formulae for calculation of, from readings 
of dry- and wet-bulb thermometers. See 
ibid. IL. § (4) (ii-). 

Methods of measurement. Bee « Humidity,” 

II. S (1). 

Reduction of, to sea-level. Seo “Atmo- 
sphere, Thermodynamics of the,” Fig. 5. 
Saturation or maximum : 

Dalton’s law, experimental verification of. 

See “ Humidity,” I. 

Definition of. See ibid. I. 

Effect of change of state on. See ibid. I. 
Values of. See ibid. I. and If. § (15). 
See also “ Atmosphere, Thermodynamics 
of the,” § (2), Table I. 

Variation of, with height. See “ Atmo- 
sphere, Thermodynamics of the,” § (11). 
Vapours, Determination of the Densities 
of. See “ Balances,” § (19). 

Velocity'- of Wind, Measurement of, with a 
manometer. See “ Barometers and Mano- 
meters,” § (22) (ii.). 


Ventilation and Humidity. See “ Humid- 
ity,” § (14). 

Venturi Air Meter. See “Meters,” § (24). 

Venturi Water Meter. Seo “ Meters,” 

§ (30). 

Vernier Caliper. See “ Gauges,” § (84). 

Vernier Time : method of subdividing the 
second. See “ Clocks and Time-keeping,” 

§ (15). 

Vibrating and Accelerating Machines. 
See “ Weighing Machines,” § (5). 

VioLLEs Acti nometer. See “ Radiant Heat 
and its Spectrum Distribution,” § (7). 

Visibility, effect of the atmosphere on. See 
“ M o Leo ro logical Optics,” § (15) (v.). 

Volume (seo also “Volume, Measurements of”). 
The unit of volume is based on the unit 
of length, but in many cases the legal unit 
has been defined as the space occupied by 
a certain weight of a standard liquid — 
usually water — under standard, conditions. 

(i.) Metric. — An attempt was made by 
the founders of the metric system to corre- 
late the two units by defining tho unit of 
mass as the mass of a quantity of water 
which at its temperature of maximum 
density occupied 1 cubic decimetre ; the 
litre or unit of volume could then bo 
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defined as the space occupied by a kilo- 
gramme of water at its maximum density, 
or as the space occupied by a cube with 
side 10 centimetres- Further experiments 
(see “Volume, Measurements of,” § (2)) have 
proved that this relation is not exact. The 
experimental relation now accepted is that 
1 kilogramme of water at 4° C., and press- 
ure 760 mm., occupies 1000-027 c.c. In 
1872 the unit of mass was redefined as the 
mass of the International kilogramme in 
its actual state, and in 1901 the defini- 
tion adopted for the litre was the space- 
occupied by a kilogramme of water at its 
maximum density and under normal 
atmospheric pressure (760 mm.). 

(ii.) British . — In British units the gallon 
is the unit of volume, and is defined as 
the space occupied by 10 lbs. weight of 
distilled water weighed in air against brass 
weights at a pressure of 30 in. and tem- 
perature 62° F. Units based on the unit 
of length are also in common use. 

(iii.) Equivalents . — 

(а) Metric Units. 

1 c.c. = -0610 c. in. 

1 litre =1000-027 c.c. 

= -03531 c. ft. 

= 1*7598 pint. 

= *2200 gal. 

(б) British Units . 

1 c. in. =16-387 c.c. 

1 c. ft. =28-317 litres = 28317 c.c. =6-22882 gal. 

1 c. yd. = 0-7645 m. 3 

1 pint = *5682 lit. 

1 gallon = 4*5460 lit. 

See Vol. I. 44 Measurement, Units of.” 

Determination of volumes from linear 
measurements. See “ Volume, Measure- 
ments of,” § (5). 

VOLUME, MEASUREMENTS OF 

§ (1) Units of Volume. — The volume of a 
body is the amount of space which it occupies, 
and in order to state the magnitude of any 
given volume it is necessary first to adopt 
some clearly defined unit in terms of which 
the volume in question can be expressed. 

There are a limited number of solid figures 
which have the property that by continuous 
repetition they may be extended so as com- 
pletely to fill space without leaving any inter- 
stices. Of these the simplest is the cube, and 
a cube of definitely specified dimensions is a 
simple space element in terms of which to 
express the volume of (i.e. the space occupied 
by) any given substance or solid figure. 

A cube is completely defined when the length 
of one edge is stated. Hence in any system 
of units a cube, each of whose sides is of unit 


length, is a unit of volume which makes an 
instant appeal to one owing to its fundamental 
relation to the unit of length. Thus we have 
the cubic centimetre, the cubic foot, etc., as 
widely used units of volume. 

It is, however, a matter of extreme difficulty 
to determine to a high degree of accuracy the 
external volume of a solid, or the internal 
capacity of a hollow vessel, from measurements 
of their linear dimensions. 

Moreover, volumetric measurements are 
most extensively employed in the case of 
fluids, and the direct application to such 
measurements of units of volume based on 
units of length is manifestly inconvenient. 

The weight of a liquid can, however, be 
determined very simply. Consequently legal 
units of volume have in many cases been 
defined as the space occupied by a definite 
weight of a standard liquid. Thus, for ex- 
ample, the gallon was defined as the space 
occupied by the quantity of water which 
under certain specified conditions weighed 
10 lb. 

Sooner or later, however, the need arises for 
determining the relation between units of 
volume defined in terms of the space occupied 
by a mass of liquid and units of volume 
derived from units of length. 

The correlation between the two types of 
units has been most accurately carried out in 
the case of the metric units. The work done 
in this connection is worthy of detailed con- 
sideration, not only because the experimental 
work itself is a notable example of extreme 
skill and refinement in physical measurements, 
but also because it is necessary for a clear 
understanding of the metric units themselves, 
and forms the basis of similar correlations on 
other systems of units. 

(i.) The Cubic Decimetre . — The founders 
of the metric system endeavoured to secure 
co-ordination between the two methods of 
defining units of volume by specifying that 
the unit of mass, i.e. the kilogramme, should 
be the mass of a quantity of water which at 
its temperature of maximum density occupied 
a space of 1 cubic decimetre. The unit of 
volume, the litre, could hence be defined 
alternatively as the space occupied by a 
kilogramme of water at its temperature of 
maximum density, or as the space occupied 
by a cube each of whose sides is 10 cm. in 
length. 

A provisional standard kilogramme was pre- 
pared by Lavoisier and Haiiy, and later 
Lefevre, Gineau, and Fabroni were entrusted 
with the task of constructing the fundamental 
standard. 

It is worth while to try to form an idea of 
the magnitude of the task imposed on these 
distinguished physicists. The underlying prin- 
ciple is perfectly simple. Given a solid of 
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simple geometrical form, its volume can be 
calculated in terms of its linear dimensions. 
By weighing such a solid in air and also in 
water the mass of water which it displaces 
can be determined. Hence the mass of a 
quantity of water is determined whose volume 
is known in terms of units based on the 
standards of length. 

Suppose, however, that a cube whose sides 
are 10 cm. in length were to be used for the 
above purpose, and that the weighing in water 
were carried out at 15° C. Then an error of 
1 micron (i.e. one-thousandth of a millimetre) 
in the measurement of the distance between 
opposite faces of the cube would produce an 
error of 30 milligrammes in the standard kilo- 
gramme, and an error of 0-1° C. in the deter- 
mination of the water temperature would 
introduce an error of 15 milligrammes. 

The above figures show clearly that although 
in principle the experiment is extremely simple, 
yet to carry it out to a high degree of accuracy 
calls for the highest refinements of measure- 
ment. 

When it is remembered that Lefevre, Gineau, 
and Fabroni prepared the “ Kilogrammes des 
Archives ” at the end of the eighteenth century, 
and that, as a result of the latest researches, 
their standard has been found to differ by 
only 27 milligrammes from its theoretical mass, 
and even admitting that this accuracy may 
partly be attributed to compensating errors, 
one must realise that their work was carried 
out with extraordinary skill and success. 

Unfortunately, no detailed account of their 
work has been left by the authors themselves, 
the only source of information being a report 
by Tralles. 1 Partly, perhaps, owing to this 
fact and also to the discordant results of 
subsequent observers a feeling of doubt de- 
veloped as to the accuracy with which the 
standard kilogramme fulfilled its theoretical 
definition. Consequently, in 1872, the “ Com- 
mission Internationale du Metre ” discussed 
the matter fully in all its bearings and arrived 
at the following decision : 

“ Considering that the. simple relation, 
established by the authors of the Metric 
System, between the unit of mass and the 
unit of volume is represented by the actual 
kilogramme in a manner sufficiently accurate 
for the ordinary purposes of industry and 
commerce, and even for the greater part of 
the ordinary needs of science ; 

“ Considering that the exact sciences have 
not the same need of a simple numerical rela- 
tion, but only of a determination as accurate 
as possible of this relation ; 

“ Considering finally the difficulties which 

1 “ Rapport <le M. Tralles it la Commission sur 
Pu nit/; <le poids (lu Systemo metrique decimal 
d’apres le travail do, M. Lefevre flineau,” 30th 
May 1799 (Base du systfme mStrique decimal, t. iii. 
558). 


would be brought about by a change in the 
actual metric unit of mass — 

“ It is decided that the International Kilo- 
gramme shall be deduced from the Kilo- 
gramme des Archives in its actual state.” 

The kilogramme is hence the mass of a 
particular standard weight, and its original 
definition in terms of the mass of 1 cubic 
decimetre of water has no present significance. 

(ii.) The Litre. — Further, the definition of 
the litre was revised in 1901, 2 and it is now 
defined as follows : 

“ The unit of volume, for determinations of 
high, 'precision , is the volume occupied by a 
mass of 1 kilogramme of pure ivater, at its 
maximum density and under normal atmo- 
spheric pressure ; this volume is termed the 
‘ litre: ” 3 

Hence the definition of the litre has no 
reference to the units of length, and the 
original intention that it should be equal to 
1 cubic decimetre has been quite abandoned. 
However, the litre as defined above differs so 
slightly from the cubic decimetre that for 
ordinary purposes the litre may be regarded 
as equivalent to 1000 c.c. 

§ (2) Relation between the Litre and 
the Cubic Centimetre. — It is obviously, 
however, a matter of prime importance in 
accurate work that the litre should be known 
as accurately as possible in terms of cubic 
centimetres. 

The determination of this relation was in- 
cluded in the programme of research for the 
Bureau International for a long time, hut it 
was not until 1910 that the results were finally 
published. 4 

The account of this classical research, which 
was carried out with the utmost refinement 
and skill, should he consulted for a full de- 
scription of the work. Only a brief indica- 
tion of the methods employed can be given 
here. 

As stated previously, the problem resolves 
itself into measuring the dimensions of a body 
of simple shape and then determining the mass 
of water which it displaces. 

Three independent determinations were 
carried out at the Bureau International, and 
whilst the mass of water displaced by measured 
solids was determined similarly in each case 
by means of weighings in air and in water, the 
methods of determining the linear dimensions 
of the bodies used differed fundamentally. 

* “ ('mnpt.es Rendus des StSances dc la Troiaieme 

Conference Ceiu'jrale des Poids ct Mesures r6unie 5 
Paris cn 1901,” Trar. at 1902, t. xii. 

* The reference to “ normal atmospheric pressure 
perhaps requires a word of explanation. The 
volume of any given quantity of water varies with 
the. pressure to which it is subjected owing to the 
slight compressibility of w’ater. Hence, in order to 
be precise, the pressure to which the water is to be 
subjected must be introduced into the definition of 
the litre. 

4 OL'rav. et mem., 1910, t. xiv. 
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(i.) M. Guillaume used cylinders made from 
hard bronze, and their dimensions were deter- 
mined by comparison with a standard scale. 
The principle of the method used may be 
gathered from the f ollowing figure : 

Us 


L 


.1 1 L. 




J 1 ! L 


J I L 


A[ 



C 



D 

n 


R 1 

^2 


B 


Fig. l. 

The cylinder is represented by C ; A and R 
are two contact pieces carrying reference marks 
R-l and R 2 , an d S is a standard scale. The 
whole is mounted on a carriage which runs 
beneath two independently mounted micro- 
scopes. With the cylinder mounted as shown, 
one microscope is set on and the other on 
R a . The carriage is then 
brought forward, so that 
the scale is under the 
microscopes and the dis- 
tance between R 2 and R 2 is 
thus determined. Then the cylinder is 
removed and A and B are brought into 
contact with each other, and the dis- 
tance R x R 2 measured as before. The 
difference between the two measure- 
ments gives the length or diameter of 
the cylinder as the case might be. 

Three cylinders were used which had 
volumes of about 780 c.c., 1300 c.c., and 
2000 c.c. respectively. To reduce their 
weight they were made hollow. 

(ii. ) M. Chappuis, in an independent series of 
observations, used three cubes of glass whose 
sides were approximately 4 cm., 5 cm., and 
6 cm. in length. The linear dimensions of the 
cubes were determined by means of a Micheison 
interferometer. The cube was mounted in 
front of and very close to a glass plate, as 
shown in Fig . 2. 

The plane surfaces A and B were adjusted 
parallel to each other, and their distance apart 



Fig. 


Fig. 3 


p rallel to B but inclined to it at an angle 
of from 8" to 12". The difference between the 
measurements AB and AC gives the thickness 
of the cube. 

(iii.) The third determination was the work 
of MM. Lepinay, Buisson, and 
Benoit. Two cubes of quartz 
were used, the length of whose 
edges were 4 cm. and 5 cm. 
respectively. Their dimen - 
sions were determined by 
observing, in the first place, 
the circular fringes produced 
by the interference between 
two beams of light, one re- 
flected from the front face of 
the cube and the other from the back face 
(see Fig* 3). 

Secondly, the Talbot fringes formed by the 
interference between two portions of a beam 
of light, one of which had traversed the cube 
and the other an equal thickness of air, were 

observed (see Fig . 4). 

By combining the 
results obtained from 
observations on both 
sets of interference 
plienomeaa the dimensions of the cube 
could be accurately determined without 
the necessity of knowing the refractive 
index of the quartz used. 

As compared with M. Chappuis’ 
method it is to be noted that the only 
surfaces contributing to the interference 
effects were the faces of the cubes them- 
selves. 

The final results obtained by the 
different observers were : 



M. Guillaume . 

M. Chappuis . 

MM. Lepinay, Buisson, and 
Benoit . 


1 litre = 
1 litres 


= 1000*029 c.c. 
: 3000*020 c.c. 


1 litre = 1000*027 c.c. 


In view of the diversity in the methods 
employed and the difficulty of the work, the 
excellent agreement between the above results 
shows with what care and skill the experiments 
I were conducted. 



Fig. 4r, 


determined by the method employed by 
Micheison 1 in measuring his “ etalons ” used 
for determining the metre in terms of light 
wave-lengths. The thickness of the air film 
between A and C was determined by observa- 
tions on the fringes formed by the film. A 
second series of measurements gave the dis- 
tance from A to B. For the purposes of this 
measurement the face C was not made strictly 
1 Trav. et m£m. t*. xi. 


In his final resume of the whole observations 
M. Benoit gives 

1 litre = 1000*027 c.c. 

as the most probable value, and states that 
any inaccuracy in this figure probably does 
not exceed one unit in the last decimal place. 

The litre and the cubic centimetre are 
hence clearly defined units of volume whose 
relation one to the other has been accurately 
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determined. Nevertheless, misconceptions as 
to the exact significance of the terms are 
somewhat prevalent- 

These are probably mainly due to the 
formerly extensive use of vessels for volumetric 
analysis based on Mohr’s system of units. On 
this basis a litre fLask, say, is one which con- 
tains at its standard temperature, e.g. 15° C., 
a quantity of water whose apparent weight in 
air is I kilogramme. The capacity of such a 
flask would differ by approximately 2 c.e. 
from the litre as defined in § (1) <ii.). 

Further vessels graduated on the basis of 
one-thousandth of Mohr’s cc litre ” as unit 
were marked c.c.” Thus the terms litre 
and cubic centimetre became applied to 
volumes •which were very different from the 
correct units. 1 

A less serious cause of uncertainty is the 
fact that at both the Bureau of Standards 
at Washington and the Reichsanstalt at 
Gharlottenburg vessels marked “ c.c. 55 are 
tested on the assumption that the unit used 
is the millilitre, i.e. one -thousandth part of 
the litre, and not the cubic centimetre. 

In view of the varying interpretations 
which have from time to time been placed 
on the terms litre and cubic centimetre it is 
important to emphasise the true meaning of 
the terms, viz. that the cubic centimetre is 
simply the space occupied by a cube each of 
whose sides is 1 cm. in length, and that the 
true definition of the litre is that given in 

§ (1) (ii.)- 

§ (3) British Units of Volume. — On the 
British system of units we have the cubic 
inch, the cubic foot, the cubic yard, etc., 
based on the units of length. 

The fundamental unit defined in terms of 
a quantity of water is the gallon, which is 
defined as follows : 

ct The gallon contains 10 lbs. weight of 
distilled water weighed in air against brass 
weights with the water and the air at the 
temperature of 62° Fahr., the barometer being 
at 30 inches.” 

The definition is not free from ambiguity. 
The density of the brass weights to be used 
is not specified, no standard humidity of the 
air is fixed, and the phrase, cc the barometer 
being at 30 inches,” is capable of varying 
interpretations. 

The official Board of Trade equivalents of 
Metric and Imperial units of volume are given 
in the tables below. 

Cubic Measure 

1 Cubic inch =10*387 c.c. 

1 Cubic foot (1728 cu. in.) =0*028317 cubic metre. 
1 Cubic yard (27 cu. ft.) =0*764553 cubic metre. 


1 The disadvantages of Mohr’s system are dealt 
with exhaustively by Schloesser, Z . angew. Ckem 
1903, xvi. 953. 


Measures of Capacity 


i am 

1 Pint (4 gills) 

1 Quart (2 pints) 

1 Gallon (4 quarts) 
1 Peck (2 gallons) 

1 Bushel (8 gallons) 

1 Quarter (8 bushels) 


= 1*42 decilitres. 
=0*568 litre. 

= 1*136 litres. 

= 4*5459631 litres. 
= 9*092 litres. 

= 3*637 dekalitres. 
=2*909 hectolitres. 


Apothecaries ’ 

1 Minim 

1 Fluid scruple 

1 Fluid draclim (60 minims) 

1 Fluid ounce (8 drachms) 

1 Pint 

1 Gallon (8 pints or 160 
fluid oz. ) 


Measure 

=0*059 millilitre. 

= 1*184 millilitres. 

= 3*552 millilitres. 

= 2 * 84 1 23 cen tilitres. 
=0*568 litre. 


=4*5459631 litres. 


It should, however, be noted that the litre 
is defined as follows : 

The litre is represented by the capacity 
at 0° C. of the cylindrical brass measure 
marked c Litre, 1897.’ 55 

This measure is deposited with the Board 
of Trade. 


A factor often required is the weight of 1 cubic 
foot of water. This may be arrived at as follows. 
Starting with the legal equivalent 

1 yard = 0*914399 metre, 

we have 1 cu. ft. = 0*0283167 cubic metre 
= 28*31599 litres. 

Also 1 gallon =4*5459631 litres, 

and hence 1 cu. ft. = 6*22882 gallons. 


Hence the weight of 1 cubic foot of water is 
62*2882 lbs. under the same conditions that a gallon 
of water weighs 10 lbs. 


§ (4) Am brio aw Units or Volume. — The 
American customary units bearing the same 
names as the Imperial units have somewhat 
different values, as will be seen by comparing 
the table given below with the preceding 
tables : 


American 

Customary 

XJnits. 


Metric 

Equivalents . 1 


1 Fluid dram = 3*69661 millilitres. 
1 Fluid ounce =29*5729 millilitres. 

I Liquid Quart = 0*946333 litre. 

1 Liquid Gallon. = 3*785332 litres. 

1 Bushel = 3*52383 dekalitres. 


§ (6) Determination of Volumes from 
Linear Measurements. — It is not proposed 
to give here detailed proofs of the formulae 
whereby the volumes of various bodies maybe 
calculated from measurements of their linear 
dimensions, as these may be found in many 
standard mathematical text-books. It will 
suffice to give a general account of the problem 
and to quote the results obtained in special 
cases of common occurrence. 

1 Circular No. 47, Bureau of Standards, 1914. 
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Let ABO (Fig, 5) he the section in the plane 
of the paper of any solid figure. Consider an 
element of the solid cut off by the two 
parallel planes PP and PjP-l, which are perpen- 
dicular to the horizontal axis OX and separated 



by a very small distance 8x. If x is the 
distance of PP from O measured along the 
axis OX the area of the section PP may be 
represented by 

/(*> 

and the volume of the above element by 
f(x)Sx. 

The volume of the whole solid is given by 

rb 

I f(x)dx, 

J a 

where a and b are suitably chosen limiting 
valves of x. 

The following is a simple particular case. Let 
OX (Fig. 6) be the axis of a circular cone of which 



OAB is the section in the plane of the paper, and 
a is the radius of the base. Consider the element 
of the cone cut off by two planes parallel to the base 
and distant x and as -h foe respectively from O. The 
volume of this element is 


or 


tt(x tan 9) 2 5x 


-dx. 


h 2 


where h is the height of the cone. 
The volume of the whole cone is 


7 r<z 2 /** 

W] 0 ' 


x 2 dx 


=== $7 ra 2 h. 

The results obtained in a number of special 
cases of common occurrence are given below : 

(L) Rectangular Parallelepiped . — The volume 
is equal to the product of the lengths of three 
mutually perpendicular edges. 

(ii.) Parallelepiped . — If a 9 b , and c are the 
lengths of three edges which meet at a corner. 


and A, B, and C are the angles between 
these edges then the volume is given by the 
product 

abc sin A sin B sin C, 

i.e. the volume is equal to the area of any 
face multiplied by its perpendicular distance 
from the parallel face. 

(iii.) Prism or Cylinder . — 

Volume = area of base x height 

(iv.) Pyramid or Cone . — 

Volume = area of base x J- height. 

(v.) Frustum of Pyramid or Cone . — 

Volume = ^h(A 1 + n/A 1 A 2 +A 2 ), 

where h is the perpendicular distance between 
the two ends and A x and A ? are the areas of 
each end respectively. 

In the case of the frustum of a cone of height 
7i, the radius of the base being R and of the 
parallel face r 9 the above expression becomes 

J 7 i 7 r(R 2 -f Rr +r 2 ). 

(vi.) Sphere . — 

Volume = $ 7 rr 3 , 

where r — radius of sphere. 

(vii.) Segment of a Sphere (Fig. 7). — 

Volume = 7 rh 2 (r — %7i) 
or V olume = ^(r x 2 -h 



O 


Pig. 7. 

(viii.) Sector of a Sphere (Fig. 8 ). — 
Volume = $ 7 rrVi 

°r V olume = 1 7 rr 2 (r — sjr 2 — f x a ). 


2 r, >- 



Pig. 8. 


(ix.) Section of a Sphere formed by two 
parallel planes (Fig. 9). 
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Let 2h = distance Tbetween the planes, 

(l = perpendicular distance from centre 
of sphere to a plane parallel to the 
two bounding planes and midway 
between them, 
r = radius of sphere. 

Then 

Volume =2-7r7i 

The values of r and d, however, cannot he 
directly measured on such a solid. They may. 



Fig. 9. 


however, be expressed in terms of the radii 
of the two circular faces, which are easily 
measured. Thus 




d 



and r* — r 2 z +-(d+h) z , 

where r x = radius of larger circular face 
and r 2 = radius of smaller circular face. 

(x.) Anchor Ring , i.e. the solid traced out by 
the rotation of a circle (of radius a, say) about 
an axis in the plane of the circle and distant b, 
say, from its centre, b being greater than a. 

Volume = 27r 2 a 2 6. 


(xi.) Spheroids. — A prolate spheroid is the 
solid traced by the rotation of an ellipse 
*. about its major axis. Its volume is given 
by the expression 

-$ irab z , 

where 2a = length of major diameter 
and 2b — length of minor diameter. 

An oblate spheroid is the solid traced by 
the rotation of an ellipse about its minor 
axis, and its volume is given by 

£ } i irba' t . 

(xii.) Paraboloid. — The volume of the portion 
of a paraboloid included between the apex and 
a circular cross-section of radius r and distant 
h from the apex is 

hrrr“]i. 

(xiii.) Cask. — Assuming that the staves are 
bent in the form of an arc of a parabola the 
capacity is given by 

L \7rh(SR 2 +4Rr + 3r 2 ), 


where h = depth of cask. 

It = radius of central cross-section, 
r = radius of ends, 

the measurements being all internal. 

Assuming the cask to be the middle frustum 
of a prolate spheroid, the capacity is given by 

^L[2B 2 +H 2 ], 

where L — internal length of cask, 

B = maximum internal diameter, 

H = internal diameter at end. 

(xiv.) Solid of Revolution . — The volume of 
the solid traced by the revolution of any 
plane figure about an axis in its plane, but 
not intersecting it, is equal to the product of 
the area of the figure and the length of path 
of its centre of gravity, i.e. 

"Volume ■= 27rrA, 

where A = area of the figure 
and r = distance of its centre of gravity 
from the axis of rotation. 

§(6) Gauging of Casks and IBarbkls. — 
The determination of the capacity of casks 
and barrels is of importance in * assessing 
duty on their contents, in stock - taking, 
etc. 

In gauging casks and barrels the three 
dimensions specified below are the basis on 
which the capacity is calculated : 

(i. ) Bung diameter, i.e. the internal diameter 
of the cask at its maximum cross-section. 

(ii. ) Head diameter, i.e. the internal diameter 
at the end. 

(iii.) Length, i.e. distance between the inside 
surfaces of the ends. 

The bung diameter is determined by means 
of a bung rod, -which is 48 inches long and 
has a square cross-section. Two opposite 
faces of the rod each carry inch-scales, the 
zeros of which coincide with the tip of the 
rod, which is bevelled (see Fig. 13), at this 
end. Scales are also engraved on the other 
two faces of the bung rod. These will be re- 
ferred to later. A metal slide, provided with 
a flange perpendicular to the length of the 
rod, is movable from end to end of the rod. 
To measure the bung diameter the cask is 
first fixed by means of wedges so that it lies 
with its axis horizontal and with, the bung at 
the highest point of the cask. The bung rod 
is inserted vertically through the bring until 
it touches the opposite side of the cask. The 
metal flange is then pushed gently down 
until it touches the outside of the cask at 
the bung. The rod is then withdrawn, care 
being taken not to move the metal slide, 
and the internal diameter read off on one of 
the inch-scales by noting the position of the 
slide. Lines are engraved on the slide below 
the flange, enabling an allowance to be made 
for the thickness of the stave at the bung. 
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The diameter of the widest portion of the 
cask is also measured in a direction perpendicu- 
lar to that given by the bung rod. This is 
effected by means of cross callipers, which are 
shown diagrammatically in Fig. 10. The 


C 



central portion C is composed of two wooden 
rods, which can be moved relatively to each 
other and so vary the distance between the 
arms A and B. The arms are brought into 
contact with the sides of the cask at opposite 
ends of the diameter to be measured, the 
length of which is then read off on the central 
portion 0, allowance again being made for 
the thickness of the staves. 

The head diameter is measured by means 
of a cc head rod,” which consists of two wooden 
rods, 44 inches long, joined together at the 
ends in such a way as to leave a space between 
the two rods in which a third rod can slide 
backwards and forwards. The sliding rod 
carries a vertical brass cock, and a second 
brass cock is fixed to the end of the head rod. 

The method of using the head rod is shown 
in Fig . 11. The fixed brass cock is inserted 



Fia. 11. 


into the angle formed by the head of the cask 
and the projecting rim. The movable cock 
is adjusted until it is opposite to the middle 
of the projecting rim, the head rod lying 
across a diameter of the end of the cask. 
The distance A'B' is read off on an inch- 
scale engraved on the head rod, and is for all 
practical purposes equal to the true internal 
diameter AB. 

The length is measured by means of ££ long 
callipers,” shown diagrammatically in Fig. 12. 


O 



The central portion C is made of two pieces of 
wood which slide relatively to each other, thus 
varying the distance AB. The points A and 


B are brought into contact with the ends of 
the cask and their distance apart is then read 
off on the central portion C. An allowance 
for the thickness of the end staves must be 
made. 

A variety of callipers of special design are 
used for measuring the thickness of end and 
longitudinal staves. 

To compute the capacity from the observed 
measurements use is made of the head rod, 
which is constructed to serve as a calculating 
rule as well as for measuring head diameters. 

The standard shape for a cask is taken to 
he the central frustum of a prolate spheroid, 
the capacity of which is given by 

7T T r2B 2 + H 2 n 

I L L 3 J 

where B = bung diameter, 

H = head diameter, 

L = length. 

If we write 

™ 2B 2 +H 2 

D = 3 ’ 

then D is the diameter of the cylinder of 
length L, which has the same capacity as the 
cask. 

The head rod with its central sliding portion 
is operated in the same way as an ordinary 
slide rule. The first step in the com- 
putation* is to find the value of the mean 
diameter D. 

On one side of the brass projection, which 
serves as a zero mark, a scale is drawn on the 
sliding portion of the head rod called the 
“ spheroidal line.” The above zero mark is 
placed opposite the point on an inch-scale 
engraved on one of the fixed sides of the rod, 
which corresponds to the value found for the 
head diameter. The point on the spheroidal 
line which is now opposite to the point on the 
inch- scale corresponding to the bung diameter 
is noted. This gives the value in inches to 
be added to the head diameter to give the 
mean diameter D. 1 The addition is effected 
by means of a second inch-scale engraved on 
the sliding portion, the zero of which is 
coincident with the point previously set on 
the head diameter. The number noted on 
the spheroidal line opposite to the bung 
diameter is read off on the above scale of 
inches. The mark opposite to this point on 
the first inch-scale obviously gives the mean 
diameter. 

Having obtained D the equivalent in gallons 
of tt/ 4a?D 2 L remains to be computed. If D and 

1 This procedure is not strictly accurate, as for 
any given difference between B and II it gives the 
same value to be added to H irrespective of the 
absolute values of B and H. The spheroidal line, 
however, gives results which are quite sufficiently 
accurate for practical purposes. 
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L are in inches the equivalent in gallons of [ 
wj 4arD 2 L is 

D 2 L 

(18-79) 2 ’ 

since a cylinder 1 inch long and 18*79 inches 
diameter has a capacity of 1 gallon. The 
evaluation of D 2 L/(18*79) 2 is quickly performed 
by means of logarithmic scales. One such scale 
on the slide is numbered to cover the range of 
diameters usually met with, the spacing of 
the scale being proportional to the logarithm 
of the diameters. Adjacent to this scale on 
the fixed portion of the head rod parallel to 
that engraved with the inch-scale previously 
referred to, is a scale numbered with the 
lengths usually met with, and spaced propor- 
tionally to the logarithms of the lengths. The 
radius of this logarithmic scale is, however, 
half that employed for the logarithmic scale 
of diameters. With these two scales the 
capacity is found by placing 18*79 on the scale 
of mean diameters opposite to the value found 
for Lt on the length scale, and then reading the 
mark on the length scale which is opposite 
to the observed value of D on the scale of mean 
diameters. The value thus obtained on the 
length scale is the capacity of the cask in gallons. 

When casks vary from the standard 
spheroidal shape, a suitable correction is 
applied to the measured length of the cask 
before carrying out the above calculation. 

The scales hitherto referred to are all on 
the front of the head rod. On the back of 
the head rod are scales for computing the 
quantity of liquid, Le. the “ ullage,” in a 
partially filled cask. 

A detailed description of these and their 
manipulation would occupy too much space, 
but the underlying theory may be briefly 
indicated. 

The depth of liquid in a cask when it is lying 
horizontal with the bung at the highest point 
is referred to as the “wet inches ” in the cask. 

For casks of standard shape the ratio of 
the bung diameter to the “ wet inches ” will 
bear the same relation as the ratio of the total 
capacity to the ullage, irrespective of the size 
of the cask. 

If the ullages corresponding to various 
ratios of bung diameter to wet inches for 
a cask of known total capacity, say 100 
gallons, are determined, then the data obtained 
form a basis on which the ullage of any other 
cask of known total capacity may easily be 
calculated from measurements of the bung 
diameter and the “ wet inches.” 

The scales on the back of the head rod 
include one based on the ullages of a 100-gallon 
cask, and in conjunction with the other scales 
ullages for casks of varying total capacity 
may he computed from the measurements of 
their hung diameter and their cc wet inches.” 


The capacity of small casks may be checked 
by means of the bung rod alone. A scale is 
marked on the bung rod based on the principle 
that the volumes of similar solid figures vary 
as the cubes of their corresponding linear 
dimensions. The scale applies only to casks 
of standard shape. The rod is 
inserted as shown in Fig, 13, 
and the scale read at the centre 
of the bung on the level of the 
inside of the cask. 

The scale gives 
directly the capacity 
of the cask in gallons. 

The fourth face of 
the bung rod bears 
a scale which gives 
the capacity, in gal- 
lons, of cylinders 1 
inch in depth. The 
mark on this scale 

corresponding to, say, 20 incites on either 
of the ineh-scales gives the volume in gallons 
of the liquid contained in a cylinder of this 
diameter when filled to a depth of one inch. 
The total capacity of the cylinder is obtained 
by multiplying this value by the length of the 
cylinder in inches. 

§ (7) Gravimetric Determinations of 
Capacity - , (i.) JBy .Mectns of Water . — A con- 
venient and accurate method of obtaining 
the capacity of a vessel is to determine the 
weight in air of its water content. From this 
determination the volume of the vessel may 
b© obtained as follows ; taking as an example 
the case of a glass vessel calibrated in terms 
of the cubic centimetre. 





FIG. X3. 


Let M gins. — apparent' weight in air of water, 
i. e. mass in vacuo of the weights 
which are in. equilibrium with 
the water, 1 

A gms./ml. = density of weights used, 

<r gms./ml, = density of air at time of ‘weighi ng, 
T° C. = standard temperature of the 
vessel, 2 

V c.c. = capacity of vessel at T° 0., 

a = coefficient of cubical expansion of 
glass per ° 0. , 

Iv — conversion factor ml, to c.c., 
Le. 1 ml. = KL c.c., 

t° O, = temperature of water (assumed 
also to be the temperature of 
the containi ng vessel), 
p gms./ml. = density of water at t° O. 

1 Weights are adjusted to have a mass equal to 
the nominal value marked on them. Hence the 
mass in vacuo of any weight (assuming it to be ac- 
curately adjusted) is simply the nominal value 
marked on it. 

2 The standard temperature of a vessel is the 
temperature at which it is intended to be used 
and for which its capacity is adjusted. At. other 
temperatures the capacity will, of course, differ from 
that at its standard temperature, o wince to the 
thermal expansion of the material of which the 
vessel is made. 
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Then from equilibrium existing at time of 
weighing we have 

M ( 1 " |) = K V ^ + ~ *>* 

It is often necessary to check the accuracy 
of graduation of volumetric apparatus to a 
degree of accuracy which involves using the 
above relation without introducing approxi- 
mate values* The time involved by such 
calculations is so great when many tests 
have to be carried out that it is convenient 
to have tables to facilitate the work. 


for any given value of V, the only variables 
on the right of (2) are t 9 p 9 and <r. If we 
further assume that all weighings are made 
in air under the following standard conditions, 
viz, temperature = 15° C., barometric height = 
760 mm. of mercury at 0° C. at sea -level in 
latitude 45° (</ = 980*62), humidity = two-thirds 
saturation, and C0 2 content = 0*04 per cent 
by volume, then the variables reduce to t 
and p. 

Denoting the values of C for the above 


standard conditions of the air by O] 


^5° a 

760 mm. 


Table A 

Values of C in Milligrammes 


° c. 

-0. 

*1. 

*2. 

*3. 

*4. 

*5. 

•6. 

•7. 

-8. 

•9. 

5 

1368 

1367 

1367 

1366 

1366 

1365 

1365 

1365 

1365 

1366 

6 

1366 

1367 

1367 

1368 

1369 

1371 

1372 

1373 

1375 

1377 

7 

1379 

1381 

1383 

1385 

1388 

1391 

1393 

1396 

* 1399 

1403 

8 

1406 

1409 

1413 

1417 

1421 

1425 

1429 

1433 

1438 

1443 

9 

1447 

1452 

1457 

1462 

1468 

1473 

1479 

1484 

1490 

1496 

10 

1502 

1509 

1515 

1522 

1528 

1535 

1542 

1549 

1556 

1564 

11 

1571 

1579 

1587 

1595 

1603 

1611 

1619 

1628 

1636 

] 645 

12 

1654 

1663 

1672 

1681 

1690 

1700 

1709 

1719 

1729 

1739 

13 

1749 

1759, 

1769 

1779 

1790 

1800 

1811 

1822 

1833 

1844 

14 

1855 

1867 

1878 

1890 

1901 

1913 

1925 

1937 

1949 

1962 

15 

1974 

1987 

1999 

2012 

2025 

2038 

2051 

2064 

2077 

2091 

16 

2104 

2118 

2132 

2146 

2160 

2174 

2188 

2202 

2217 

2231 

17 

2246 

2261 

2276 

2291 

2306 

2321 

2336 

2352 

2367 

2383 

18 

2399 

2414 

2430 

2447 

2463 

2479 

2496 

2512 

2529 

2545 

19 

2562 

2579 

2596 

2614 

2631 

2648 

2666 

2683 

2701 

2719 

20 

2737 

2755 

2773 

2791 

2810 

2828 

2847 

2865 

2884 

2903 

21 

2922 

2941 

2960 

2980 

2999 

3018 

3038 

3058 

3078 

3098 

22 

3118 

3138 

3158 

3178 

3199 

3219 

3240 

3261 

3281 

3302 

23 

3323 

3344 

3366 

3387 

3408 

3430 

3452 

3473 

3495 

3517 

24 

3539 

3561 

3584 

3606 

3628 

3651 

3673 

3696 

3719 

3742 

25 

3765 

3788 

3811 

3835 

3858 

3881 

3905 

3929 

3953 

3970 

26 

4000 

4024 

4049 

4073 

4097 

4122 

4146 

4171 

4196 

4220 

27 

4245 

4270 

4295 

4321 

4346 

4371 

4397 

4422 

4448 

4474 

28 

4499 

4525 

4551 

4577 

4604 

4630 

4656 

4083 

4709 

4736 

29 

4763 

4790 

4817 

4844 

4871 

4S98 

4925 

4953 

4980 

5008 

30 

5035 

5063 

5091 

5118 

5146 

5175 

5203 

5231 

5259 

5288 


Convenient tables may be obtained as 
follows. In the case of vessels graduated in 
terms of cubic centimetres the value of M will 
always be numerically not very different from 
V. We may therefore conveniently write 

M+C = V, 

where C is a small correction to be added 
to the observed weight in gms. to give the 
volume of the vessel in c.c. From (1) we have : 

V[l+a(i-T)](p- ff )4 
iVi ~ K(A- a 1 ) ’ 

and hence 

c=v [ 1 _[l+«fcTfc £ )A-J_ . (2) 

The usual value for T° C. in this country 
is 15° C., and the variation in A with tempera- 
ture is negligible. Hence, assuming T = 15° C. 


and the density of the air under the name 
conditions by <r s , we have 


c; 


15° C. 
760 mm 


_=vj~i 


[1 +a(l— 15)](p— cr#)A 
K(A-'<r,)"" 


]• 


( 3 ) 


From this relation we can tabulate values of 

C * for various values of L 
760 mm. 


Table A has been constructed on this basis, and for 
many purposes it is alone sufficient, as the additional 
correction required owing to the air not being under 
standard conditions at the time of weighing is com- 
paratively small. 

The following values were used in calculating the 
tables : 


V = 1000 c.c., i.e. the tables apply to vessels of 
nominal capacity 1000 c.c., and when used 
for vessels of other capacities proportional 
values must be taken. 
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K = 1 000027 ( Trav . et Mem., 1910, t. xiv.). 
a -0-000026 per ° C. 

p = values taken from table given by P. Okappuis 
{Trav. et Mem., 1907, t. xiii.). 

cr A . — 0*0012204 (from Table IV., p. 138). 

A =8*3 gms./ml. (A mean value obtained in the 
routine testing of large numbers of brass 
weights at the National Physical Laboratory.) 

Further, the values of given by (3) 

have been multiplied by 1000, so that Table A 
gives for various water temperatures the weight in 


conditions at the time of weighing. From (2) and 
(3) we have 

[l-a(*-I6)](p-OA" 

l£(A -cr) 


s-v[i-! 




-Y 1- 


[1- «(<- lB)](p- < r,)A 

K(A- ct s ) 


$ 


%.e. 


V[l+ a (i-15)]A(A-,>) 
C== ~ K( A Z cr.sj(A — <r) 


and since [cr - is small we may use approximate 
values for the terms outside the bracket, and we thus 
get for V- 1000 c.c. 

c = 880[a* — d ( ,] (4) 


Table B 

Correction to Stahdauo Pressure 


Temp. 

730 

735 

740 

745 

750 

755 

760 

70 5 

770 

775 

780 

785 

790 

0 C. 

mm. 

min. 

mm. 

mm. 

mm. 

mm. 

mm. 

min. 

mm. 

nun. 

in in. 

mm. 

mm. 

5 



3 

+ 4 

+12 

+ 19 

+2G 

+34 

4- 4 1 

+ 48 

+50 

+ 63 

+ 70 

+ 78 

4-84 

6 

— 

7 

0 

•1 8 

4- 15 

+22 

+ 29 

4™ 37 

+ 44 

+51 

4-59 

+ 66 

+73 

+81 

7 

— 

11 

- 4 

4 

+ 11 

+ 18 

-1-25 

+33 

+ 40 

+ 47 

4- 55 

+- 62 

+ (39 

4-7 6 

8 

— 

15 

- 8 

- 1 

4- 7 

4-14 

+ 21 

+ 29 

+ 30 

+43 

+ 50 

+ 58 

+ 65 

+72 

9 


19 

- 12 

- 5 

+ 3 

4- 10 

+ 17 

4 24 

+ 33 

+39 

-1- 40 

+ 53 

+ 61 

+68 

10 

— 

23 

- 10 

- 0 

- 1 

4- 6 

+ 13 

+20 

+ 28 

+35 

+ 42 

+ 49 

+ 56 

4-64 

11 

— 

27 

- 20 

- 13 

- 5 

+ 2 

+ 9 

4- 16 

+ 23 

+31 

+ 38 

+ 45 

+ 52 

+59 

12 

— 

31 

- 24 

— 17 

- 9 

— 2 

T 5 

+12 

-I- 1!) 

+20 

4-34 

+ 41 

+48 

+55 

13 

— 

35 

- 28 

-21 

- 13 

- 6 

- 1- 1 

-1- 8 

+ 15 

4„22 

+ 30 

+37 

+ 44 

+51 

14 

— 

39 

- 32 

- 24 

- 17 

- 10 

- 3 

+ 4 

+ 11 

+ 18 

4- 25 

4-33 

-I- 40 

+47 

15 


43 

- 35 

-28 

- 21 

- 11 

- 7 

0 

-I- 7 

+ 14 

+ 21 

4 28 

+ 35 

+43 

16 


46 

- 39 

-32 

- 25 

- 18 

- 11 

- 4 

4- 3 

4 - 10 

+ 17 

4-24 

+ 31 

+ 38 

17 

__ 

50 

- 43 1 

- 36 

— 29 

-22 

- 15 

- 8 

- 1 1 

4- 6 

+ 13 

4 20 

+ 27 

+ 34 

18 

— 

54 

- 47 

- 40 

-33 

-26 

- 19 

- 12 

- 5 

f 2 

4- 9 

4 16 

+ 23 

+ 30 

19 

_ 

58 

-51 

- 44 

- 37 

- 30 

- 23 

— 16 

- 9 

- 2 

4- 5 

4 12 

+ 19 

+ 26 

20 


62 

- 55 

-48 

-41 

- 34 

-27 

- 20 

- 13 

- 6 

+ I 

4- 8 

+ 15 

+ 22 

21 


66 

- 59 

- 53 

- 45 

- 38 

- 31 

-24 

- 17 

- 10 

- 3 

+ 4 

+ 11 

+ 18 

' 22 


70 

- 63 

- 56 

- 49 

- 42 

- 35 

-28 

- 21 

-14 

- 7 

0 

+ 7 

+ 14 

23 

_ 

73 

— 66 

- 00 

- 53 

-46 

- 39 

- 32 

- 25 

-.18 

- 11 

- 4 

+ * 

+ 10 

24 


77 

- 70 

- 03 

-57 

— 50 

- 43 

- 36 

- 29 

— 22 

-15 

- 8 

- 1 

4* 5 

^ 25 

_ 

81 

- 74 

- 07 

- 60 

- 54 

- 47 

- 40 

- 33 

- 26 

- 19 

— 12 

- 6 

+ 1 

26 

_ 

85 

- 78 

-71 

- 64 

- 58 

-51 

- 44 

- 37 

-30 

- 23 

- 17 

- 10 

- 3 

27 

__ 

89 

- 82 

-75 

- 68 

- 01 

- 55 

-48 

- 41 

- 34 

— 27 

- 21 

- 14 

- 7 

28 

_ 

92 

- 80 

- 79 

- 72 

- 05 

- 59 

-52 

- 45 

- 38 

-31 

— 25 

- 18 

- 11 

29 

_ 

96 

- 90 

- 83 

- 76 

- 09 

- 62 

-56 

- 49 

-42 

- 35 

— 29 

- 22 

- 15 

30 

- 

100 

- 95 

-87 

- 80 

LzHL 

- 60 

- 60 

- 53 

— 46 

- 40 

- 33 

- 26 

- 19 


milligrammes to be added to the observed weight in 
gme., as obtained by weighings against brass weights 
in air, of the water content of the vessel, to give 
the capacity of the vessel in cubic oentixnetreH at 
15° a 

As stated previously, the values which are given 
in Table A assume that the weighings were made in 
air under the standard conditions specified. Such 
conditions will only rarely bo accurately realised 
in practice, and when the highest accuracy is 
desired the variation in air density must be taken 
into account. 

Let us write 

ir>° O 

0=0 -he. 

700 mm. 

Then c is a small correction to be added to 

150 ( i 

CL,,,, * to give the correct value for the air 
7(50 mm. ^ 


In calculating c from (4) the various values of 
cr were obtained from Table IV., p. 138, ix. the air is 
ass umed to- contain 0-04 per cent by volume of C0 2 
and to bo two-thirds saturated. The values of 0 
have born tabulated in Table B for the various 
values of cr corresponding to the air temperatures 
and barometer readings given in the table, the 
barometer readings being ox pressed in terms of 
mm. of mercury at 0° C. at sea- lev el in latitude 45° 
(<y 4)8062). The values of c given by (4) have been 
multiplied by 1000, ho that the corrections given 
in Table B arc expressed in the same units, viz. 
milligrammes, as the values in Table A. 

(ii.) Example of Use of Tables A ctnd JB — 
Suppose that the apparent weight in, air of the 
water contained in a 1000 etc. flask was found 
to be 997-705 gins., the water being at the 
temperature 17-5° C., the air at 18° C., and the 

3 F* 


yoL, in 




786 


VOLUME, MEASUREMENTS OF 


barometer reading (corrected to standard con- 
ditions) 745 mm. 

Under the temperature 17-5° C. in Table A 
we find the value 2321, and opposite 18° C. 
and under 745 mm. in Table B the value —33. 

Hence the capacity of the flask in c.c. at 
15° C. is 

997-705 +2 321 - 0 033, i.e. 999-993 c.c. 

(iii.) By Means of Mercury . — The use of 
mercury is particularly suitable for the 
determination of small capacities, e.g. in the 
case of gas burettes which are often furnished 


whence 



= 0-000057, 


and hence 


V=Mx^ 43 . 

P 


Values of 0*999943 fp have been tabulated for each 
0*1° C. from 5° C. to 30*9° C. in Table C, the values of 
p being taken from Table II., p. 131. 

Hence to obtain the volume in c.c. of any weighed 
quantity of mercury its observed weight in air must 
be multiplied by the figure given in Table C under the 
observed temperature of the mercury. 


Table 0 


° G. 

*0. 

■ 1 . 

*2. 

•3. 

•4. 

•5. 

•6. 

*7. 

8. 

*9. 

5 

*0736182 

•0736196 

•0736209 

•0736222 

•0736235 

•0736249 

•0736262 

■0736275 

•0736289 

•0730302 

6 

315 

329 

342 

356 

369 

382 

396 

409 

422 

435 

7 

449 

462 

475 

490 

502 

516 

529 

542 

550 

569 

8 

582 

596 

609 

622 

636 

649 

663 

676 

690 

703 

9 

716 

730 

743 

757 

770 

783 

797 

810 

823 

836 

10 

850 

864 

877 

890 

903 

917 

930 

943 

957 

970 

11 

984 

997 

*0737010 

•0737024 

•0737037 

*0737050 

•0737064 

•0737077 

•0737091 

■0737104 

12 

•0737117 

•0737131 

144 

157 

170 

184 

198 

211 

224 

237 

13 

251 

264 

278 

291 

304 

317 

331 

344 

357 

370 

14 

384 

398 

411 

424 

437 

451 

465 

478 

491 

504 

15 

518 

531 

545 

558 

571 

585 

598 

611 

625 

638 

16 

652 

665 

678 

691 

705 

718 

732 

745 

758 

771 

17 1 

785 

799 

812 

825 

838 

852 

866 

879 

892 

905 

18 

919 

933 

946 

959 

972 

986 

•0738000 

•0738013 

•0738020 

•0738039 

19 

•0738053 

•0738066 

-0738080 

•0738093 

•0738106 

*0738119 

1331 

146 

160 

173 

20 

186 

200 

213 

226 

240 

253 

267 

280 

293 

306 

21 

320 

334 

347 

360 

373 

387 

401 

414 

427 

440 i 

22 

454 

467 

481 

494 

508 

521 

534 

547 

561 

574 

23 

588 

601 

614 

628 

641 

654 

668 

681 

695 

708 

24 

721 

735 

748 

761 

775 

788 

802 

815 

828 

842 

25 

855 

868 

882 

895 

909 

922 

935 

949 

962 

975 

26 

989 

•0739002 

•0739016 

*0739029 

•0739042 

•0739056 

•0739069 

•0739082 

•0739090 

•0739109 

27 

*0739123 

136 

150 

163 

176 

189 

203 

216 

230 

243 

28 

257 

270 

283 

297 

310 

323 

337 

350 

364 

377 

29 

391 

404 

417 

430 

444 

457 

471 

484 

498 

511 

30 

525 

538 

551 

564 

578 

591 

605 

618 

032 

645 


with a graduated tube of narrow bore divided 
to l/100ths c.c. 


Let M gms. = apparent weight of mercury in air, 
A gms./c.c. = density of weights used, 
cr gms./c.c. = density of air, 

t° C. = temperature of mercury, 

V = volume of mercury at t° C. 


Then 

or 


M(i-|)=v p (a-s), 


The term cr(l/A —1/p) is so small that we may 
use the following average values : 

cr= 0*00122 gms. per c.c., 

A — 8*3 gms. per me., 
p = 13*56 gms. per c.c.. 


By the use of Table C the volume of the 
mercury at the temperature of the observa- 
tions is obtained. This is equal to the capacity 
of the glass vessel at the same temperature, 
assuming that precautions were taken to have 
the mercury and the vessel, whose capacity 
was to be determined, at the same tempera- 
ture. 

It is more convenient, however, to know the 
capacity of the glass vessel at some standard 
temperature, and since 15° C. is perhaps the 
most widely used standard temperature for 
volumetric apparatus the following table of 
corrections has been drawn up. The table 
D gives in unr^ths of a c.c. the correction 
to be added to the determined capacity of a 
vessel at any of the tabulated temperatures 
in order to obtain its capacity at 15°. The 
table is for a vessel of nominal capacity 1000 c.c. 
at 15° C., and is based on a cubical coefficient 
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of expansion of glass of 0-000026 c.c. per c.c. 
per ° C. : 

Table D 


Temp. 

° c. 

Correction 
(iffeoths c.c*). 

5 

+260 

6 

+234 

7 

+208 

8 

+ 182 

' 9 

+ 156 

10 

+ 130 

11 

+ 104 

12 

+ 78 

13 

+ 52 

14 

+ 26 

15 

0 

16 

- 26 

17 

- 52 


Temp. 

° C. 

Correction 
(i o\>r»tlis c.c.). 

18 

- 78 

19 

- 104 

20 

- 130 

21 

- 156 

22 

- 182 

23 

-208 

24 

-234 

25 

-260 

26 

-286 

27 

- 312 

28 

-338 

29 

-364 

30 

— 390 


Table E is a similar table for temperatures 
expressed in degrees on the Fahrenheit scale. 


Table E 


Temp, 

' 0 P. 

Correction 
GoVoths c.c.). 

Temp. 

0 P. 

Correction 

c.c.). 

40 

+274 

65 

- 87 

41 

+260 

66 

- 101 

42 

+ 246 

67 

- 116 

43 

+ 231 

68 

- 130 

44 

+ 217 

69 

- 144 

45 

+ 202 

70 

- 159 

46 

+ 188 

71 

- 173 

47 

+ 173 

72 

- 188 

48 

+ 159 

73 

- 202 

49 

+ 144 

74 

- 217 

50 

+ 130 

75 

— 231 

51 

+ 116 

76 

- 246 

52 

+ 101 

77 

-260 

53 

+ 87 

78 

- 274 

54 

+ 72 

79 

-289 

55 

+ 58 

80 

-303 

56 

+ 43 

81 

- 318 

57 

+ 29 

82 

- 332 

58 

+ 14 

83 

- 347 

59 

0 

84 

-361 

60 

- 14 

85 

-376 

61 

- 29 

86 

-390 

62 

- 43 

87 

— 404 

63 

- 58 

88 

-419 

64 

- 72 

89 

— 433 

65 

- 87 

90 

-448 


The tables D and E may be used also in 
conjunction with tables A and B to obtain 
the capacity of a vessel whose capacity at 
.1.5° C. has been obtained by means of tables 
A and B. 

§ (8) 'Displacement Methods op deter- 
mining Volumes. — A method of determining 
the volume of solid bodies, which is sometimes 
convenient, is by means of the apparatus 


shown diagrammatieally in J?ig. 14r. The 
volume of the apparatus between the two 
marks A and B must he accurately known. 
The receiver It is put in communication with 
the atmosphere by means of the tap T, and 
by raising the tube C the mercury surface in 
AB is brought accurately to 
the mark A. Then T is closed 
and C lowered until the liquid 
surface falls to B, and the differ- 
ence in height, p say, of the 
mercury surfaces in AB and 
C respectively, is accurately 
measured. The tap is next 
opened, and the solid whose 
volume is required is introduced 
into B., C is adjusted until the 
mercury surface is once more 
at A, and the tap is then closed 
and the same procedure followed 
as before. It may readily be 
shown that the required volume 
V of the solid is given by 

P P' J 

where B is the barometer read- 
ing during the first operation, 

B' during the second, j) and y>' 
the two obsorved differences in 
the heights of the mercury surfaces, and v the 
volume of the apparatus between the marks A 
and B. 

The method is useful for determining the 
volume of the solid portion of porous substances, 
hut to obtain completely reliable results it is 
necessary that all the cavities in the substance 
should be in communication with its sur- 
face. As this is hardly likely to be perfectly 
achieved, the results obtained by this method 
should he interpreted with caution. 

A more generally useful way of determining 
the volume of a solid is by determining its 
weight in air and also in water, and in passing 
it may he noted that all. methods of deter- 
mining the density of solid bodies (q.v.) serve 
also to determine their volume, provided that 
their mass is known. 

A simple displacement method has been 
found useful at the National Physical Labora- 
tory for testing butyroraeters. From our 
present point of view the essential part of 
a butyrometer is a narrow -bore tube of 
capacity about 1 c.c., and graduated usually 
into 80 equal parts by volume. The butyro- 
meters are filled to the lowest graduation mark 
with a 50 per cent alcohol - water mixture. 
Then a brass cylinder equal in volume to one- 
fifth the nominal total capacity of the graduated 
portion of the butyrometer is dropped into 
the instrument. The new position of the 
liquid surface on. the scale is noted, a second 
cylinder is then added, and so on, until the 



R 




B 


Via. 14. 
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liquid surface has occupied successive positions 
along the whole of the graduated scale. The 
volume of the cylinders being known, and the 
readings of the successive positions of the 
liquid surface having been noted, the errors 
in graduation are at once obtained. 

The method is very quick, but demands 
considerable care in manipulation and extreme 
accuracy of manufacture of the cylinders. 

§ (9) Volumetric Glassware. — Very large 
quantities of volumetric glassware are used 
in chemical and physical laboratories in con- 
nection with industrial work, and in technical 
and educational institutions. It is important 
that such apparatus should be of reliable 
accuracy. In order that apparatus whose 
accuracy has been tested might be available 
to users, and also to foster and maintain a 
reliable standard of output on the part of 
manufacturers, arrangements have been made 
in several countries for testing volumetric 
glassware. 

The National Physical Laboratory at 
Teddington has carried out such tests on a 
small scale for the past fifteen years, and 
recently a new building, specially equipped 
for dealing with such tests on a large scale, 
has been built at the laboratory. Similar 
tests are also carried out at the Bureau of 
Standards, Washington, and at the Reichs- 
anstalt, Charlottenburg, and its associated 
institutions. 

The details given below are mainly based 
on work carried out at one or other of the 
above institutions. The tolerances given, 
except where otherwise stated, are those in 
force at the National Physical Laboratory, 
as being the ones applicable to apparatus 
tested in this country. The Class A tolerances 
on capacity do not differ materially from those 
of the Bureau of Standards or of the Reichs- 
anstalt. The Class B tolerances are some- 
what less stringent, being intended to represent 
simply the standard of accuracy below which 
the general output of apparatus for commer- 
cial use should not fall. The Class A limits, 
like the tolerances allowed hv the Bureau of 
Standards and the Reichsanstalt, are, on the 
other hand, intended for precision apparatus. 

§ (10) General Considerations. (i.) Glean- 
ing . — In order to obtain reliable results with 
glass volumetric apparatus either in testing or 
in use, especially in the case of vessels used to 
deliver measured quantities of liquid, cleanli- 
ness is essential. The chief sources of trouble 
are minute traces of grease, which are some- 
times very persistent and difficult to remove. 
The conditions for obtaining consistent results 
with apparatus used for delivery — e.g . burettes, 
etc. — is that when the vessel is emptied its 
interior surface should remain wetted with a 
uniformly distributed film of liquid. The 
liquid remaining on the inside walls should not 


collect together into drops or streaks. When 
a vessel fulfils this condition it is regarded as 
clean. 

A good criterion by which to judge the 
cleanliness of a burette or pipette is obtained 
by filling it slowly with water through the 
delivery jet, the vessel being held vertical. If 
the vessel is clean the water meniscus will rise 
in the tube without any change of shape. 
Should the rising meniscus come into contact 
with a slightly greasy portion of the vessel it 
immediately appears to crinkle up. Further, 
if the vessel is quite clean, a thin film of water 
may be seen travelling up the sides in front 
of the main water surface. The front edge 
of this film is clearly visible and forms an 
excellent indicator as to the cleanliness of the 
vessel. In quite clean vessels the edge of the 
film advances at the same rate as the water 
meniscus, keeping a uniform distance in front 
of it. Should the vessel be slightly dirty at 
any point the front edge of the film is retarded 
and the water meniscus overtakes it, and may 
in turn crinkle up when passing the con- 
taminated surface. A pipette or burette 
which fills up through the jet, so that the front 
edge of the film keeps in advance of the water 
meniscus throughout, may be relied upon to 
have a uniform film of liquid left on the walls 
when emptied. The advantage of knowing 
for certainty when filling a vessel that 
it may be emptied without fear of error 
due to irregular wetting of the walls is 
obvious. 

Many methods of cleaning apparatus have 
been employed. If the apparatus is not 
wanted for immediate use a good way of 
cleaning it is to fill the vessel with a previously 
prepared mixture, in equal parts by volume, 
of saturated potassium bichromate solution 
and concentrated sulphuric acid and leave it 
to stand for several hours. An alcoholic 
solution of caustic soda may be similarly 
employed. A freshly made solution of po- 
tassium permanganate in sulphuric acid acts 
more quickly, and fuming sulphuric acid is 
sometimes used for rapid cleaning. A rapid 
and efficient method of cleaning is to shake up a 
little absolute alcohol thoroughly in the vessel 
and then empty it out and allow the vessel to 
drain for a short time. Then, if a little strong 
nitric acid is shaken up in the vessel and after- 
wards thoroughly washed out with water, the 
vessel will be quite clean. Strong soap 
solutions also provide an effective means of 
cleaning and may be used hot in obstinate 
cases. A good method of mechanical cleaning 
is to place a number of small pieces of filter- 
paper in the vessel, partially fill it with water, 
and then shake vigorously. 

If the vessels are to be used for delivery it 
is sufficient to rinse thoroughly with water 
after using one or other of the above methods 
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of cleaning. If not required for immediate 
use after cleaning, the vessels should he 
completely filled with water until wanted* 
If left lying about empty and wet the vessels 
soon become contaminated. 

Content vessels after being cleaned require 
to be dried before testing. A very quick 
method is to rinse out with alcohol and then 
with ether and dry by means of an air-blast. 
Pure alcohol should be used, not methylated 
spirit. If duty has to be paid on the alcohol, 
however, the cost is 


surfaces render the exact lodation of the lowest 
point; of the meniscus a matter of some 
difficulty. 

The following extremely simple device is 
very effective in showing up the outline of 
the meniscus. A strip of opaque black paper, 
such as is used for wrapping photographic 
plates in, is folded round the glass tube just 
below the meniscus. The top edge of the 
strip is cut clean and straight, and should be 
placed not more than 1 mm. below the bottom 

of the meniscus. The 


prohibitive where 
much cleaning has to 
be done. In such 
cases acetone will he 
found an excellent 
substitute for the 
alcohol and ether. 

In the ease of 
vessels which are to 
be used with mercury 
trouble freq uently 
arises if they are 
dried out by using 
the above liquids. 
The most satisfactory 
procedure is to clean 
the vessel and rinse 
it out thoroughly with 
distilled water, and 
then dry it by draw- 
ing a current of dry 
air through the ap- 
paratus. 

Vessels — e.g. gas 
burettes — which have 
been in use with 
mercury for some 
time frequently de- 
velop black or dark- 
coloured stains. These 
are very difficult to 
remove by the ordi- 
nary cleaning agents. 
They quickly dis- 
a p p ear, however. 



Fig. 15. 


paper should be so 
folded that the top 
edges of the two ends 
of the strip where 
they meet after en- 
circling the tube are 
exactly in line. The 
strip can then be held 
in position by means 
of a detachable paper 
clip. 

If the meniscus so 
shaded Is viewed 
against a white back- 
ground. the bottom of 
the meniscus appears 
quite black and its 
outline is very sharply 
defined against the 
white background. 

A piece of black- 
rabher tubing, slit 
down one side and 
fitted round the glass 
tube, may be used to 
serve the same pur- 
pose as the strip of 
black paper. The 
paper is, however, 
more easy to manipu- 
late. 

The first photo- 
graph, reproduced in. 
Fig . 15, shows a water 
meniscus in a TOO c.c* 


under the action of zinc dust and dilute 
hydrochloric acid, being reduced to metallic 
mercury, which can then be readily dissolved 
in nitric acid. 

(ii.) Method of Reading . — The almost uni- 
versally adopted convention in reading the 
position of a liquid surface on a scale, or in 
setting a liquid surface on a graduation mark, 
is to read the lowest point of the meniscus in 
the case of liquids such as 'water, and the 
highest point of a mercury meniscus. 

When a water, or similar meniscus, is viewed 
in ordinary illumination — i.e. in daylight or 
artificial light without using any screening 
device—the reflections and refractions which 
occur at the liquid surface and the glass 


pipette viewed against a white background. 
The second photograph shows the same 
meniscus shaded as described above. The 
difference in clearness of the outline of the 
meniscus is evident in the photographs, 
and is much more marked when viewing the 
apparatus itself. 

The above method of screening gives much 
more satisfactory results than the more widely 
used methods of simply placing a white screen 
behind the meniscus, ox* a screen the top 
half of which is white and the bottom half 
black. 

Further, in the case of apparatus — e.g. some 
burettes on which the graduation marks are 
engraved on the front of the instrument only — 
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the paper screen serves a double purpose. By 
placing the eye so that the top edge of the 
strip on the front of the burette coincides 
with the top edge of the strip at the back of 
the burette, errors in reading due to parallax 
are practically eliminated* 

In the case of a mercury meniscus the opaque 
screen should be placed immediately above 
the meniscus, which is then viewed against a 
white background as before. 

When using strongly coloured liquids, such 
as potassium permanganate solutions, it is 
difficult to see the bottom of the meniscus 
clearly, and readings are therefore made on the 
top edge of the meniscus. 

§ (11) Temperature Control, (i.) In test- 
ing or calibrating Volumetric Glassware . — No 
elaborate temperature control is necessary, 
whether gravimetric or volumetric methods 
are employed. 

The whole operation of testing a vessel, in- 
cluding filling, adjusting, and weighing, can be 
completed in a comparatively short time. 
Hence, if the test liquid — Le. in general either 
water or mercury — and the vessels to be tested 
or calibrated have been in the same room 
long enough to attain approximately room 
temperature, changes in temperature which 
may take place during the test will be 
small and of negligible effect. With tables 
such as those given previously the exact 
temperature at which the test is carried out is 
immaterial. 

Similarly, when volumetric methods are used, 
it is only necessary to adopt the same precau- 
tions. The fact that the working temperature 
is different from the standard temperature of 
the vessel of known capacity is compensated 
for by the fact that the vessel to he calibrated 
will have expanded by the same amount as 
the standard vessel. This presumes of course 
that the standard vessel and the one to be 
calibrated both have the same standard tem- 
perature. 

(ii.) In using Volumetric Glassware .* — If glass 
vessels are used at temperatures other than 
their standard temperature the following cor- 
rection table may be used. Suppose that a 
1000 c.c. flask correct at 15° C. is filled to the 
mark with water at one of the tabulated 
temperatures, both water and flask being at 
the same temperature, then Table F gives 
for various temperatures the correction which 
must be added to the observed volume of 
1000 c.c. in order to obtain the actual 
volume of the water when cooled (or heated) 
to 15° C. 

Conversely, by subtracting the corrections 
from 1000 c.c., the volume, which must be 
measured at the tabulated temperature in 
order to obtain 1000 c.c. at 15° C., is obtained. 

Eor volumes other than 1000 c.c. propor- 
tionate corrections may be used. 


A cubical expansion of glass of 0*000026 
per degree centigrade and Chappuis’ values for 
the expansion of water have been used in con- 
structing the table. 

Table F 


° c. 

*0. 

•5. 

5 

-0*605 

- 0*608 

6 

-0*608 

-0*603 

7 

-0*595 

-0*583 

8 

-0-568 

-0*549 

9 

-0-527 

-0*501 

10 

- 0-472 

- 0-439 

11 

-0*403 

-0-363 

12 

-0*320 

-0-275 

13 

-0-226 

-0-174 

14 

-0-119 

-0-061 

15 

0*000 

+ 0-064 

16 

+0*130 

+ 0-200 

17 

+ 0-272 

+ 0-347 

18 

+ 0-425 

+ 0*506 

19 

+0-589 

+ 0*675 

20 

+0-764 

+ 0*855 

21 

+0-949 

+ 1*046 

22 

+ 1 * 146 

+ 1*248 

23 

+ 1-352 

+ 1 *459 

24 

+ 1-569 

+ 1*681 

25 

+ 1-796 

+ 1*913 

26 

+2-032 

+ 2*154 

27 

+2-278 

+ 2*405 

28 

+ 2-534 

+ 2*666 

29 

+ 2-799 

+ 2-931 

30 

+ 3-074 

+ 3*210 


The above table may be used for dilute 
aqueous solutions having approximately the 
same coefficient of expansion as water. More 
accurate results may be obtained in the case 
of the solutions stated below by increasing 
the numerical values of the corrections given 
above by the percentages stated in the follow- 
ing table : 1 


Solution. 

Normality. 

N. 

N/2. 

N/10. 

Nitric Acid 

50 

25 

6 

Sulphuric Acid 

45 

25 

5 

Caustic Soda . 

40 

25 

5 

Caustic Potash 

40 

20 

4 


It will be seen that the corrections required 
amount to between 0*01 per cent and 0*02 per 
cent of the total volume per degree centigrade. 

In the case of ordinary volumetric analysis 
therefore, if the standard solutions are made 
up at temperatures within a degree or so of 
15° C., the correction will for most purposes be 
negligible. It will generally be found more 
convenient to adjust the temperature of the 
solutions to approximately 15° C. when pre- 

1 Circular No. 19, Bureau of Standards, 1916. 
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paring standard solutions, rather than to apply 
corrections. 

Further, if all the solutions employed in a 
titration are given sufficient time to assume 
room temperature before titration, then the 
necessity for applying corrections is avoided, 
since practically the same percentage correc- 
tion would be required on each volume meas- 
ured and the net correction to the equivalence 
of the solutions would be negligible. 

So far as volumetric analysis is concerned, 
therefore, only very ordinary precautions need 
be taken as regards temperature control. 

§ (12) Measuring Flasks. (L) Construction 
and Tolerances . — Flasks should be made so 
that they will stand firmly on a level table. 
The Bureau of Standards also requires that the 
base must be of such a size that the flasks 
will stand on a plane inclined at 15° to the 
horizontal. 

The graduation mark should he made by 
means of a fine clean line permanently etched 
into the glass. The line should be carried 
completely round the neck of the flask, should 
lie in a plane perpendicular to the axis of the 
neck, and should be horizontal when the flask 
is standing on a level table. The mark should 
be on the cylindrical portion of the neck, not 
on the conical portion where the neck joins 
the bulb, and also should not be too near the 
top of the neck. The Bureau of Standards 
requires that the mark must not be nearer the 
ends of the cylindrical portion of the neck 
than specified below ; 


Capacity. 

Distance from 

Distance from 

Upper End. 

Lower End. 


cm. 

cm. 

100 c.c. or less . 

3 

1 

More than 100 c.c. . 

i 6 

2 


The neck should be cylindrical above the 
graduation mark and not show a marked 
taper towards the top. The internal diameter 
of the neck at the mark should not exceed 
the values given below. 1 


Capacity 

Diameter. 

Capacity. 

Diameter. 

c.c. 

mm. 

c.c. 

mm. 

10 

6 

1000 

18 

25 

8 

1500 

20 

50 

10 

2000 

25 

100 

12 

3000 

30 

250 

14 

4000 

35 

500 

16 

5000 

40 


The nominal capacity of the flask and its 
standard temperature should be permanently 

1 For intermediate capacities the value for the 
next larger tabulated capacity is to be taken. This 
applies to all other tables of tolerances unless other- 
wise stated. 


marked on it. The flask should also be 
marked with the letters “ C ” or !C D,” or the 
words u To Contain ” or “ To Deliver ” in 
order that the user may know at once on 
which basis the flask has been, calibrated. 

Flasks are sometimes made with two gradua- 
tion marks on the neck, so that when filled to 
one mark they contain a definite volume, and 
when filled to the other and then emptied 
they deliver the same volume. In such cases 
a letter “ 0 ” should he etched below the 
lower line and a letter cc D 51 above the upper 
line. This mode of graduating should only be 
employed in cases where the distance between 
the two lines is not less than 1 mm. 

The tolerances allowed on the capacity of 
flasks are : 


Class A. 

Class B. 


Tolerance + c.c. 


Tolerance + c.c. 

Capacity, 



Capacity, 







c.c. 

For 

For 

c.c. 

For 

For 


Content. 

Del ivery . 


Content. 

Delivery. 

10 

0*008 

0-016 

10 

0*02 

0*04 

25 

0-015 

0*03 

25 

0*03 

0*06 

50 

0*03 

0*06 

50 

0*06 

0*12 

100 

0-05 

0*10 

100 

010 

0*2 

250 

0-08 

0*16 

250 

0*15 

0*3 

500 

0*15 

0*30 

500 

025 

0*5 

1000 

0*20 

0-40 

1000 

0*3 

0*6 

1500 

0*25 

0*50 

1500 

0*4 

0*8 

2000 

0*35 

0*70 

2000 

0*6 

12 

3000 

0*5 

1*0 

3000 

0*8 

1*6 

4000 

0*8 

1*6 

4000 

12 

2 4 

5000 

1-0 

2*0 

5000 

1*5 

3*0 


§ (13) Testing of Flasks, (i.) Gravimetric - 
ally .■ — The gravimetric method of testing a 
flask graduated for content will be described 
in detail, as it serves as a good example of 
determining capacity of a vessel by means of 
weighing its water content. 

The illustration {Tig. 16) shows one of the 
balances used at the National Physical Lab- 
oratory for testing flasks. The balance will 
carry a maximum load of 2000 gms. on each 
scale pan. The sensitivity may be varied and 
is usually adjusted so that a difference in the 
loads on the two scale pans of 10 mgms, 
produces one whole scale division change in 
the position of the rest point. For this 
sensitivity the balance has a period of approxi- 
mately 20 seconds for one complete to-and- 
fro oscillation when loaded with 1000 gms. 
on each side of the balance. Similar balances 
ranging in maximum load from 3000 gms. to 
250 gms. are in regular use for testing volu- 
metric glassware, and balances of 10 kilo and 
50 kilo loads are also available for unusually 
large capacities. 

The illustration shows a 1000 c.c. flask on 
each scale pan, the one on the right-hand pan 
being filled to the mark with water, and the 
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one on the left being empty. Above the 
empty flask a kilogramme weight may be seen 
in the plia to graph. This is supported on a 
second platform, and with this arrangement 
it is possible to accommodate a bulky glass 
vessel on the lower platform and brass weights 
on the upper one, and still have the scale pan 
hanging vertically from its supports. A wooden 
shelf across the balance case at the level of 
the upper platform serves to prevent accidents 
due to weights being dropped on to the lower 
platform or floor of the balance case. 

A piece of card is mounted on the front 
glass slide of the balance 
case, which is pierced with 
a hole placed centrally in 
front of the pointer scale. 

Readings on the pointer 
are taken by looking 
through this hole and so 
avoiding errors which 
might otherwise arise if 
the observer had no means 
of always bringing his eye 
into the same position 
when taking readings. 

The procedure in testing 
a flask for content is as 
follows. The flask to be 
tested, having previously 
been cleaned and dried, is 
placed on the lower plat- 
form of the right-hand 
scale pan of the balance. 

Then gramme weights 
from a standardised 
set of weights are 
placed on the upper 
platform of the same 
scale pan, the weights 
taken being numeric- 
ally equal to or slightly 
in excess of the capacity 
of the flask in c.c. A 
similar flask is planed 
on the lower platform 
of the left-hand scale 
weights are placed on 
until the pointer of 


pan and gramme 
the upper platform 
the balance swings 
symmetrically about the zero mark of the 
scale, the final adjustment being made by 
means of a rider with the balance case closed. 
The weights used on the left-hand scale pan 
need not be of a high degree of accuracy, and 
should be distinctive in appearance from the 
standard weights used on the other scale pan. 
When the balance has been counterpoised as 
just described the weights on the right-hand 
scale pan and the position of the rider are 
noted. 

The weights are then removed from the 
right-hand scale pan, and the flask to be tested 
is also removed and filled with distilled water 


to about 1 mm. above the mark. The lowest 
point of the water meniscus is then set on 
the graduation mark by withdrawing water 
through a glass tube of fine bore, .the meniscus 
being shaded as described previously. The 
carefully filled flask is returned to the lower 
platform of the right - hand scale pan, and 
small weights are added from the standard 
set until an exact balance is once more attained, 
the final adjustment being made by means of 
the rider as before. When this adjustment 
has been made the weights on the right-hand 
scale pan and the position of the rider are 
again noted. The air tem- 
perature is then read on 
thermometer kept 
permanently inside the 
balance case. The tem- 
perature of the water in 
the flask is then obtained 
by means of a second 
thermometer. 

It has been found that 
with the precautions taken 
to obtain the distilled 
water at room temperature 
before use, the change in 
temperature which occurs 
during weighing is so small 
that it is quite sufficient 
to take the temperature 
of the water immediately 
after weighing, an addi- 
tional reading before com- 
pletely filling the flask 
being unnecessary. 
| The reading of the 
barometer completes 
the observations neces- 
sary to obtain the 
capacity of the flask, 
and the following 
scheme of recording 
the observations will 
serve as a summary 
to the whole procedure, 
the correction in milligrammes being obtained 
from Tables A and B. 

Nominal capacity in c.c. at T° 1000 
“ C ” or “ D ” . . . “ C ” 

Standard temperature, T° . 15° G. 

Barometer reading in mm. of) 

Hg. at 0° C. J 

Air temperature, 0 C. 

Water temperature, ° C. 

Weight on right-hand scale j 
pane when flask is empty !■ 

(grammes) J 

Weight on right-hand scale! 
pans when flask contains > 
water (grammes) J 

Weight in air of water con-^ 
tamed in flask (grammes) / 



Fig . 16. 


759-9 

760-1 

18-7 

20-6 

18-1 

19-9 

1001-005 

1010-000 

3-415 

18-709 

997-590 

997-291 
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Amount to be added to \ 

weight to obtain volume in y 2400 
c.c. at T° (milligrammes) J 
Volume in c.c. of water con-) 
tained in flask at T° C. / 

Mean volume in c.c. of water \ 
contained in flask at T° C.j 

The figures given above are taken from an 
actual test carried out at the National Physical 
Laboratory, the two sets of observations being 
by different observers. It is interesting to 
note that the difference in the amounts to be 
added to the observed weight in air to obtain 
the capacity of the flask at 15° C.» arising 
from different temperature and air conditions, 
is greater than the maximum error allowed 
(±0*2 c.c.) for a Class A flask of the above 
capacity. 

Flasks intended to be used for delivery are 
tested by first filling them to the mark and 
then emptying them into a glass vessel. The 
volume of water delivered into the receiving 
vessel is determined by the counterpoise 
method of weighing as described above for a 
“ content ” flask. 

It is important that flasks used for delivery 
should always be emptied in the same manner. 1 

When tested at the National Physical 
Laboratory they are emptied by gradually 
inclining them, until, when the continuous 
stream of water has ceased, they are very 
nearly vertical. In this position they are 
allowed to drain for half a minute, and the 
edge of the neck is then touched against the 
inside of the receiving vessel, in order to 
remove the drop of liquid which collects 
together on the edge of the neck. 

(ii.) Volimietric Testing of Flasks. — Flasks 
may he tested by filling them to the mark 
from a vessel which has been calibrated for 
delivery. The main advantage of such 
volumetric methods of test over gravimetric 
ones is that they may be carried out in 
considerably less time. If carefully carried 
out they may be made extremely accurate, 
but where the highest accuracy is required 
gravimetric methods should be used. 

V ol u metric methods are of supreme im- 
])ortance, h owcvor, because they are very 
largely used by manufacturers in calibrating 
apparatus. 

The ap paratus shown diagram matieally in 
Fig. 17 has been used at the Bureau of 
Standards, Washington, 2 for testing flasks of 
100 c.c. capacity, on which their tolerance is 
± 0-08 c.c. 

The flasks are filled from a standard pipette 
A whose lower stem is graduated to enable 
a direct reading of the volume delivered to be 

1 For experimental data on this point see Schloesser, 
Zs. f ur anal. Chem 11)07. 

8 N. 8. Osborne and B. H. Veazcy, Bull. Bureau of 
Standards , 1908, iv. 590. 


2697 

999-988 



taken. The standard pipette is inserted into 
a heavy rubber connection CL The delivery 
nozzle D meets the connecting tube B in a 
ground joint. The pipette is filled through a 
glass nozzle G which is connected 
to a water tap and directed into 
the top of the pipette. 

“ The pipette is filled to the top* 
the nozzle is swung aside, and by 
opening the stop- 
cock the meniscus 
is slowly lowered 
to the zero mark. 

Excess of water 
is then removed 
from the outflow 
nozzle, and the 
flask to be tested 
is placed on the 
platform E im- 
mediately under 
the outflow nozzle. 

The platform 
raised by turn- 
ing the wheel a 
F until the 
outflow nozzle 
is just inside 
the neck of the Tig-. 17 . 

flask. The 

stopcock is opened wide and the flask 
rotated to wet the entire neck, and the 
flask is then raised until the nozzle is 1 to 
2 cm. above the mark. Before completing the 
filling of the flask it is removed and the 
contents shaken as directed in the rules for 
manipulation. The filling is completed with 
the tip in contact with the wetted wall 1 to 
2 cm. above the mark. The meniscus in 
the flask is finally brought to the mark by 
breaking contact of the tip with the wetted 
surface. 

tc The standard pipette is read at the end of 
its normal outflow time plus 15 seconds. The 
pipette reading plus the instrumental correc- 
tion is the capacity of the flask fit the standard 
temperature of the pipette — -that is, 20° G. 
The object of shaking the water is to disperse 
the contaminations and thus produce a 
meniscus of normal volume. The manipula- 
tion reproduces the conditions of ordinary 
use. If the test is to merely ascertain whether 
the capacity is within the allowed limits of 
error, this detail is omitted unless the error 
is too near the limit to allow discrimination, 
in which case a re -test is made. * . . The 
pipettes used for this purpose at this bureau 
are interchangeable, it being only necessary 
to employ a nozzle of the proper size in order 
to u bo any pipette with the holder arxei outflow 
tube.” 

A slightly different procedure is now 
8 Not sho wn in Fig . 17. 
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followed at the Bureau of Stand- Q 
ards. 1 A series of standard pip- 
ettes are employed, each standard 
having a capacity slightly less than 
that of the flask to be tested. The 
standard pipette is emptied into 
the flask and the final setting is 
made by adding water from a 
finely graduated burette- The 
capacity of the flask is found from 
the known volume delivered by the 
pipette and the additional volume 
taken from the burette. 

In passing, it should be noted 
that at the Bureau of Standards 
the whole of the inside of the neck 
of a flask is wetted when making 
a test, whereas at the National 
Physical Laboratory and the 
Reichsanstalt the portion of the 
neck above the graduation mark 
i3 kept dry. 

A somewhat different type of 
apparatus from that previously 
described is shown in Fig. 18. 

The tube at the top of the gradu- 
ated pipette is drawn off into a 
fine jet which is ground off square 
and polished smooth. The pipette 
is filled through the side tube A, 
and when it is partially filled the 
stopcock B is opened so that some 
water runs out at the delivery 
jet, when B is again closed. The 
tip of the jet is then touched on 
to the surface of some water con- A 
tained in a beaker, or 
other convenient vessel, 
to remove any drop of 
water adhering to the From 

jet. Water is then Water Supply 
allowed to enter once 
more through the side 
tube until it overflows 
at the top of the pipette into the 
flask inverted over the top of the 
pipette as shown in the figure. 

The flask is provided with a hole C 
to allow air to enter freely, and 
with a side tube D to carry away 
the water overflowing from the 
pipette. When the water is over- 
flowing freely the stopcock A is 
gradually shut off, leaving the 
pipette filled quite to the top of 
the overflow jet, and ready for use. 

The flask to be tested is placed 
on a platform E which is mounted 
on a vertical shaft and can be 
readily raised or lowered. The 
motion of E should be easily con- ^ 

1 Circular of the Bureau of Standards, 

1916, No. 9, 8 th Ed. 



To Sink 



99*8 0 . 9 * 


100 O.Q. 


100*2 o.o. 



I 



ElO. 18. 


trollable and the apparatus well 
made so that the platform remains 
horizontal throughout the whole of 
its traverse. 

The flask is raised until the tip of 
the delivery jet is just above the 
graduation mark. The stopcock B 
is fully opened and the slight curva- 
ture of the delivery jet directs the 
outflowing water on to the inside 
of the flask just below the gradua- 
tion mark, thus avoiding 
splashing and the formation 
of air bubbles. The stop- 
cock is kept fully open 
until the surface of the 

water in the pipette has 
reached the top of the 

\ graduated portion, when the 

stopcock is closed. The 
\ filling is completed by run- 

ning out small quantities of 
water at a time until the 
water surface in the neck of 
the flask is exactly on the gradua- 
tion mark after the last drop adher- 
ing to the jet of the pipette has 
been touched off on to the surface 
of the water in the flask. 

The volume of water delivered 
is read off on the graduated scale 
and the test is complete. 

It may be remarked that the jet 
is ready for commencing the next 
flask, the last drop adhering to it 
having been removed at the end 
of the previous test. All that is 
necessary before commencing the 
next test is to fill the pipette to 
overflowing, then close A and put 
the next flask in position. No 
manipulation of B, nor removal of 
water from the delivery jet, is 
necessary in between two tests as 
would be the case if a zero lino 'were 
used instead of the overflow point 
at the top of the pipette. Well- 
made overflow jets give quite 
accurate results and are a great 
convenience in eliminating the 
necessity for making an accurate 
setting on a zero line, and also, of 
course, in thereby saving time, an 
important consideration where large 
numbers of flasks have to be dealt 
with. 

The apparatus just described is 
well adapted to calibrating flasks 
in the course of manufacture. For 
this purpose a single line defining 
the exact capacity required replaces 
the graduated scale. AJ1 that is 
necessary is to empty the pipette 
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down to this mark into the dried flask, which 
is then ready for pointing. 

The two examples given will serve as types 
of apparatus suitable for testing and cali- 
brating flasks. A number of variations are 
possible. 1 but in all forms of apparatus the 
following considerations are of fundamental 
importance. 

The volume of liquid delivered by any- 
given piece of apparatus varies considerably 
with the rate at which it is emptied. Again 
if the volume is to be read off on a graduated 
seal© the reading obtained will depend upon 
how long the apparatus has been draining 
before taking the reading. 

The exact conditions of working should be 
carefully determined, i.e. the length of time 
during which the apparatus is emptying 
freely with the stopcock fully open, the 
length of time during which it is emptied 
slowly in making the setting on the graduation 
mark of the flask, and the time which elapses 
between finally closing the tap and taking 
the reading on the graduated scale of the 
pipette should all be considered. A perfectly 
definite routine procedure should be laid 
down for the apparatus, and strictly adhered 
to whenever the apparatus is used. Also 
when calibrating the apparatus gravimetrically 
in the first place the conditions must duplicate 
the actual conditions of use. Neglect of 
these precautions may very easily lead to 
the introduction of errors greatly in excess 
of the tolerances with which the flasks are 
required to comply. 

In conclusion, volumetric methods of test 
have the following advantages. Provided 
that the standard apparatus and the flasks 
to be tested or calibrated have approximately 
the same coefficient of expansion, then if the 
apparatus, flasks, and water used in the 
process are all at the same temperature no 
temperature observations need be recorded. 
Corrections for temperature and air buoyancy 
have always to be taken into account when 
using gravimetric methods. Hence fewer 
observations have to be made in volumetric 
than in gravimetric tests, and the final 
result is arrived at more directly, the only 
calculation necessary being the addition of 
the previously determined corrections to 
the observed readings of the standard ap- 
paratus. Distilled water is not necessary 
for volumetric methods, and hence only a 
storage tank in which the ordinary water 
supply can attain room temperature is 
required. Finally, volumetric methods require 
considerably less time than gravimetric ones, 
and particularly is this so in the case of 
calibrating blank flasks in the course of 
manufacture. 

1 Bee also H. 1ST. Morse and T. L. Blalock, Amer . 
Ohcm . Jour 1894, xvi. 479. 


§ (14) Contamination of Flasks*— As the 
water surface rises in the bulb of a flask as 
it is being filled the surface is liable to be 
come contaminated by slight traces of C£ dirt ” 
which still remain after the ordinary methods 
of cleaning have been employed. When the 
flask is filled to the graduation mark the surface 
contaminations are all collected on to the 
comparatively small area of the w r ater 
surface in. the neck of the flask. Such con- 
taminations reduce the surface tension as 
compared with that of pure water. Conse- 
quently the volume of the meniscus (i.e, 
the volume of liquid above a horizontal 
plane tangential to the lowest point of the 
meniscus) is less than is the case with pure 
water, and the total volume of liquid contained 
in the flask is reduced by a corresponding 
amount. 

Osborne and Veazey 2 carried out a series 
of experiments to investigate the errors 
arising from the above cause. They arrived 
at the conclusion that the surface tension of 
the water meniscus in volumetric apparatus 
is liable to be only 0*5 times the value for 
pure water, and that this causes an error of 
from 1 to 4 parts in 10,000 in the case of 
ordinary measuring flasks. 

On the basis of the above diminution in the 
value of the surface tension the authors 
obtained the following values of the resulting 
errors for flasks of various capacities : 


Capacity. 

Internal 
Diameter 
of Neck. 

Possible 
Error due to 
Contamina- 
tion. 

Internal 
Diameter 
of Neck. 

Possible 
Error due to 
Contamina- 
tion. 

c.c. 

mm. 

c.c. 

mm. 

c.c. 

50 

10 

0*018 

6 

0-003 

100 

12 

0*032 

8 

0*008 

200 

13 

0-041 

9 

0*012 

300 

15 

0-058 

10 

0-018 

500 

IS 

0-085 

12 

0*032 

1000 

20 

0*105 

14 

0*049 

2000 

25 

0-155 

18 

0*085 


It was further found that if, when filling 
a flask, the contents are thoroughly shaken 
just before completing the filling, the surface 
contaminations become disseminated, and by 
this means the errors arising from such con- 
taminations may be eliminated. 

§ (15) Use of Liquids other than 
Water, — The difference in the volume of 
liquid contained in a flask when it is 
filled with water and when it is filled with 
some other liquid is simply the difference 
between the volume of the meniscus in the 
two cases. 

The table on following page 3 gives the 
difference in c.c. between this volume in the 

2 Bureau of Standards Bull,, 1908, iv. 567-574. 

a Osborne and Veazey, Bureau of Standards Bull, 
1908, iv. 582. 
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case of water and liquids of varying capillary 
constant a 2 , where a 2 is defined by 



T being the surface tension of the liquid in 
dynes per cm., s the density of the liquid, 
and g the acceleration due to gravity. 


Flasks with graduated necks are sometimes 
useful ; for example, the flasks graduated in 
y^ths c.c. from 125 c.c. to 135 c.c. used in 
oil estimations. 

Milk -test bottles of the Babcock and 
Leffmann-Beam type are small flasks with 
graduated necks, the graduations indicating 
percentages of milk fat. 


Tube 

Capillary Constant in mm. 2 . 

Diameter. 

14. 

13. 

12. 

11. 

10. 

9. 

8. 

7. 

6. 

5. 

4. 

mm. 

4 

*000 

*000 

•000 

*000 

*000 

•000 

•001 

•001 

•001 

*001 

*001 

5 

*000 

•000 

•000 

*001 

*001 

*001 

•001 

•002 

■002 

•003 

*003 

6 

*000 

•001 

•001 

*001 

•002 

*002 

•003 

•004 

*004 

•005 

•007 

7 

•000 

•001 

*001 

*002 

•003 

*004 

*005 

*006 

*007 

*009 

•012 

8 

*001 

*001 

*002 

•003 

•005 

*006 

*008 

*010 

•012 

*015 

•018 

9 1 

•001 

*002 

*004 

•006 

•007 

•010 

•012 

•015 

*018 

*023 

•027 

10 

*001 

•004 

*006 

*008 

011 

•014 

*018 

■022 

•027 

•032 


11 

•002 

*005 

•008 

•012 

-016 

•020 

•024 

; *030 

•036 



12 ! 

*003 

-007 

•on 

•016 

•021 

•025 

•032 

*040 




13 

*004 

*009 

*014 

*020 

■026 

•033 

•041 

i 




14 

*005 

•Oil 

*017 

*025 

-033 

•042 

* • 

1 




15 

*006 

*013 

*022 

-030 

*041 

. * 

. . 

. . 




16 

*007 

•016 

*027 

•037 




! . . 





Hence if the capacity of a flask is known 
for water, then its capacity for any other 
liquid may be determined by subtracting the 
value given in the above table corresponding 
to the internal diameter of the neck of the 
flask used, and the capillary constant of the 
liquid, from the capacity as determined for 
water. The above table is strictly true for 
a temperature of 20° C. only, and is based 
on the value a 2 = 14*821 mm. 2 for water. 

Flasks calibrated with water for delivery 
should not be used where precision is required, 
for liquids which differ greatly in viscosity 
from water, without recalibration for the 
particular liquid to be used. 

§ (16) Varieties op Flasks. — In addi- 
tion to the most widely used type of 
flask with a single graduation mark on the 
neck various other forms are used for special 
purposes. 

Flasks with two lines on the neck which 
determine two slightly different volumes, 
e.y 100 c.c. and 110 c.c., are useful in sugar 
analysis where it is required to add a small 
volume of basic lead acetate solution to a 
measured volume of sugar solution. 

When two successive volumes which differ 
considerably have to be measured, flasks with 
two bulbs, one above the other, are used. One 
graduation mark is placed on the short cylin- 
drical tube connecting the bulbs and the 
other on the neck of the flask above the upper 
bulb. Flasks made in this manner, but with 
subdivisions marking ^ c.c. intervals, both 
on the connecting tube and the neck, are 
largely used in determining the specific gravity 
of cement. 


§ (17) Pipettes, (i.) Test Regulations . — In 
order to obtain satisfactory results with 
ordinary one-mark delivery pipettes it is 
essential that the instruments should be 
made to an exact specification and calibrated 
for a definitely specified method of use. The 
various details which have to be considered 
are illustrated by the following account of 
the regulations relating to pipettes which are 
in force at the present time at the National 
Physical Laboratory : 1 

(1) The graduation mark must be made 
by means of a fine clean line carried com- 
pletely round the suction tube and lying 
in a plane perpendicular to the axis of the 
tube. 

(2) Pipettes of capacity greater than 5 c.c. 
must have a delivery tube below the bulb. 
Pipettes of 5 c.c. capacity or less may have 
the bulb itself drawn out into a jet if so 
desired. 

(3) The top of the suction tube must be 
ground off square, and the ground surface 
must be smooth. 

(4) The delivery jet must be made with a 
gradual taper. A sudden constriction at the 
orifice is not allowed. The end of the jet 
must be ground off true and the ground-off 
surface must be smooth. 

(5) The outlet must be of such a size that 
the time occupied by the outflow of water, 
as defined in paragraph (8) below, con- 
forms with the times given in the following 
table : 


* Taken from the Nov. 1919 edition of a pamphlet 
{Volumetric Tests on Scientific Glassware) issued by 
tile National Physical Laboratory. 
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Capacity. 

Minimum Delivery 
Time allowed. 

Maximum Delivery 
Time allowed. 

c.c. 

secs. 

secs. 

2 

5 

10 

5 

10 

20 

10 

15 

30 

50 

20 

40 

100 

30 

60 

250 

45 

90 

500 

60 

120 


Note. — For capacities not tabulated the delivery 
times are those of the next larger tabulated capacity. 


(6) The time of outflow and the drainage 
time (15 secs.) must be marked on all pipettes. 
For example, a suitable inscription for a 50 c.c. 
pipette would be : 

50 c c. 

D. 15° 0. 

(30 -b 15) secs. 

The actual time of outflow must be within the 
limits given in the preceding paragraph, and 
also must not differ from the time etched on 
the pipette by more than the amounts given 
in the following table : 


Marked Time 
of Outflow. 

Maximum Difference allowed 
between the Marked Time of 
Outflow and the Actual Time 
of Outflow. 

secs. 

+secs. 

30 

2 

60 

4 

90 

6 

120 

! 8 


• Note, — For marked times of outflow not given in 
the above table the tolerances are the same as for the 
next larger tabulated times. 


(7) The distance from the tip of the jet to 
the line above the bulb is measured on all 
pipettes submitted for test. This dimension 
expressed in mm. is etched on each pipette 
which passes the tests. 

(8) Ordinary pipettes are clamped vertically 
for test, and filled with water to a short 
distance above the mark. Water is run out 
until the meniscus is on the mark and the out- 
flow is then stopped. The drop adhering to 
the tip is removed by bringing the surface 
of some water contained in a beaker into 
contact with the tip and then removing it 
without jerking. The pipette is then allowed 
to deliver into a clean weighed vessel held 
slightly inclined so that the tip of the pipette 
is in contact with the side of the vessel. 
The pipette is allowed to drain for J minute 
after outflow has ceased, the tip still being 
in contact with the side of the vessel. At 
the end of the draining time the receiving 


vessel is removed from contact with the tip 
of the pipette, thus removing any drop 
adhering to the outside of the pipette. To 
determine the instant at which the outflow 
ceases, the motion of the water surface down 
the delivery tube of the pipette is observed, 
and the delivery time is considered to he 
complete when the meniscus comes to rest 
slightly above the end of the delivery tube. 
The J minute draining time is counted from 
this moment. 

(9) The tolerances allowed on pipettes are : 


Class A. 

Class R. 

Capacity. 

Tolerance. 
For Content 
or Delivery. 

Capacity. 

Tolerance, 
For Content 
or Delivery. 

c.c. 

±e.c. 

c.c. 

+ c-.c. 

2 

0006 

2 

0-012 

5 

001 

5 

0-02 

10 

0015 

10 

0-03 

20 

002 

20 

0-035 

SO 

0025 

30 

0-045 

50 

0 035 

50 

0-06 

100 

005 

100 

0*08 

150 

0-07 

150 

0*10 

. 250 | 

0-08 

250 

1 0*12 

500 

0-15 

500 

| 0*25 


Note. — For capacities not given in the above 
table the tolerances are the same as those given for 
the next larger tabulated capacity. 


(ii.) Methods of using Pipettes . — When a 
liquid such as water is allowed to run out 
from a pipette the pipette does not completely 
empty itself. Apart from the film of liquid 
which remains wetting the walls, a small 
quantity of liquid collects in the jet. Many 
methods of using pipettes have been put 
forward from time to time, but the large 
majority fall into one or other of the two 
following classes : 

(а) Those methods in which the drop of 
liquid which collects in the jet is allowed to 
remain there. 

(б) Those in which this drop is ejected. 

With regard to the second methods the 

drop remaining is sometimes ejected by 
blowing down the pipette. An alternative 
way is to close the top of the pipette with 
one finger and to clasp the bulb with the 
other hand. The resulting expansion of the 
air inside the pipette expels the drop of 
liquid from the jet. 

Methods involving the ejection of the 
drop of liquid from the pipette are the less 
satisfactory of the two classes. 

To be satisfactory any method of use 
must be such that it is easily reproducible by 
different observers, and for a given pipette 
must give consistent results. ~ 

Schloesser 1 found as a result of a series of 
1 Zs. fur angrewandte .Chemie, 1903 * 
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experiments that the difference between the 
results obtained with the same pipette vary 
amongst themselves by a greater amount 
when the pipette is blown out than when the 
drop which collects in the jet is not ejected. 
This was true of various sizes of pipettes and 
for different observers. 

The writer recently found, as a result of a 
large number of determinations by different 
observers, that when the drop was ejected 
by warming the bulb with the hand as 
previously described, the lack of concordance 
between the results obtained was much 
greater than when the pipettes were emptied 
as described above. 

These results are only what might he 
expected on general grounds. If the drop is 
ejected by warming the bulb with one hand 
the time which elapses before the drop is 
expelled, 1 and also the force with which it 
is expelled, differ with different observers, 
and also depend on how tightly the bulb is 
clasped. The method thus involves conditions 
which are not accurately reproducible, and the 
same remark applies more forcibly if the drop 
remaining is ejected by blowing into the 
pipette. 

The main advantage claimed for the methods 
involving ejection of the drop is that by such 
methods better agreement is obtained between 
the volumes of different liquids delivered by 
the same pipette. 

The amount of liquid which remains in the 
jet of a pipette wall depend on the physical 
properties of the liquid, and vary with different 
liquids. It therefore appears an obvious 
method of equalising the results for different 
liquids to eject the drop and include it in the 
volume delivered by the pipette. 

The gain is more apparent than real. Far 
more important than the variation in the 
volume of the drop of liquid which collects 
in the jet is the variation in the amount of 
liquid which remains, wetting the whole 
interior of the pipette. To eject the drop 
from the jet by no means secures consistent- 
results with different liquids, and the possible 
small gain in this direction is more than 
counterbalanced by the disadvantages stated 
previously. 

It should be stated, however, that throughout 
the last thirty years or so methods involving 
ejection of the drop of liquid from the jet 
have had their adherents, and still have at 
the present time, who maintain that such 
methods give the most consistent results. 

On the other hand, the National Physical 
Laboratory, the Bureau of Standards, and the 
Reichsanstalt have never adopted such methods 
for standardisation purposes. The National 

1 In the case of pipettes of small capacity it is 
sometimes a matter of difficulty to expel the drop by 
this method. 


Physical Laboratory and the Reichsanstalt 
adopt the method given in (ii.) (a) above. 
The Bureau of Standards allows the pipette to 
empty freely until the water surface enters 
the delivery tube. The jet is then brought 
into contact with the wet surface of the 
receiving vessel and kept there until the 
emptying is complete. 

The difference between the volume of liquid 
delivered by a pipette using free outflow and 
that delivered when the jet is kept in contact 
with, the inside surface of the receiving vessel 
is negligible. 

A method of using pipettes is sometimes 
applied in volumetric analysis which diffeis 
from those already considered. The pipette 
is calibrated to contain its nominal volume 
instead of to deliver that amount. When used 
it is filled to the mark with the solution to be 
measured, and then allowed to empty through 
the delivery jet. It is then thoroughly rinsed 
out with distilled water and the rinsings added 
to the solution previously delivered. The 
total volume of solution obtained hi this way 
is of course variable, but the ■whole of the 
solution initially filling the pipette is trans- 
ferred to the receiving vessel. Hence the total 
weight of reagent present in the solution 
originally taken is transferred to the receiving 
vessel, and this being the case the subsequent 
dilution is immaterial provided the concentra- 
tion of the original solution and the content 
capacity of the pipette are known. 

The advantage of the method is that the 
whole of the solution is obtained from the 
pipette, and so the variations with different 
liquids owing to varying amounts of liquid 
being left on the walls of the pipette when it 
is emptied without rinsing are eliminated. 
The differences arising from the different 
meniscus volumes of different liquids are not 
eliminated by the above method. In tubes 
of the diameter used for the suction tubes of 
pipettes, however, the differences in meniscus 
volumes are practically negligible. 

The objection to the method is that it 
requires much more care in manipulation and 
also requires more time than the ordinary 
methods, 

(iii.) Delivery Time and Drainage Time, of 
Pipettes . — It will be seen from the account 
given above that the National Physical 
Laboratory regulations require that each 
pipette submitted for test must have its 
delivery time marked on it. The actual 
delivery time must lie within specified limits 
and must not differ from the marked delivery 
time by more than the small tolerances stated. 
In addition, the period to be allowed for 
drainage, viz. 15 secs., must be marked on 
each pipette. 

The regulations are therefore based on the 
following conclusions : 
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(1) It is necessary that the delivery time of 
each pipette should be known* 

(2) The delivery time of a pipette should 
lie between certain limits depending on its 
capacity. 

(3) A definite interval must be allowed for 
drainage. 

It will be convenient to consider these 
points in the order given by reference to the 



Fig-. 19. 


particular case illustrated by the graphs shown 
in Figs . 19 and 20. 

The experimental data on which the graphs 
were based were obtained with a 100 c.c. 
pipette whose dimensions were : 


Length of bulb 

Length of delivery tube 
Length of suction tube 
Distance of graduation mark from 
end of delivery tube . 

External diameter of bulb 
External diameter of delivery tube . 
Internal diameter of suction tube 


top 


164 mm. 
182 mm. 
177 mm. 

149 mm. 
32 mm. 
7*4 mm. 
7*3 mm. 


Initially the delivery time of the pipette was 
120 secs. For this delivery time the volume 
of water delivered, allowing various drainage 
times, was determined by weighing- The 
different drainage times employed were 2, 5, 
10, 15, 20, 25, 30, 45, 60, 120, 180, and 240 secs. 
When these observations were completed the 
tip of the pipette was carefully ground away 
until the delivery time was reduced to 100 secs., 
and for this delivery time also the volume of 
water delivered for each of the drainage times 
given above was determined. The delivery 
time was reduced by successive grindings to 
the values 80, GO, 50, 40, 30, 25, 20, and 15 
secs., and for each delivery time the same series 
of volumes for various drainage times was 
determined. The total change in the absolute 
capacity of the pipette due to grinding was 


approximately 0*01 c.c.* an amount which is 
small in comparison with, the observed changes 
in the volume of water delivered. 

The data on which the accompanying graphs 
are based were taken, from the more extensive 
series of observations just outlined. 

The first point which we have to consider 
is the necessity for the delivery time for 
which a pipette was calibrated being known 
to the user. The full black line in Fig. 19 
shows the relation between the volume of 
water delivered by the 100 c.c. pipette when 
the standard drainage time of 15 secs, is 
allowed. Suppose that the pipette had been 
calibrated for 60 secs, delivery time, but 
that the delivery time was subsequently re- 
duced to 30 secs., e.y. by repairing a slight 
damage to the jet. Then the amount of water 
delivered for 30 secs, drainage time and 15 
secs, drainage time would be — as may be seen 
from the graph — 0*07 c.o, less than the volume 
delivered in 60 secs, and 15 secs, drainage 
time. The change is thus greater than the 
whole Class A tolerance, viz. 0*05 c.c., on a 
pipette of this capacity. Even if four minutes 
drainage time were allowed in each case the 
change would still be 0-04 c.c., as maybe seen 
from the top curve in Fig. 19. The times 



Delivery Time plus Drain age Time in Seconds 


Fig. 20. 

30 secs, and 60 secs, are the limits between 
which the delivery times of standard 100 c.c. 
pipettes must lie. The above figures show 
clearly that it is nob sufficient for the delivery 
time of a pipette to be within the limits laid 
down, but the exact delivery time for which it 
was calibrated must also he known. 

The data given relate to 1O0 c.c. pipettes 
only, but the same thing holds good for 
pipettes of other capacities, as Is shown by the 
following table, in which A?; is the change 
produced in the volume of water delivered 
by a pipette of the stated capacity when 
its delivery time is changed from the maxi- 
mum to the minimum value allowed, a 
drainage time of 15 secs, being allowed in 
each case. 
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Capacity of 
Pipette. 

Limits on 
Delivery 
Time. 

Av. 

Class A. 
Limit on 
Capacity. 

c.c. 

secs. 

C.C. 

c.c. 

100 

30-60 

0-07 

0*05 

50 

20-40 

0-04 6 

0*035 

25 

20-40 

003 o 

0*025 

10 

15-30 

0-02, 

0*015 

5 

10-20 

001 8 

0*010 

2 

5-10 

0-01 4 

0*006 


Hence the change Av is in each case 
greater than the maximum error tolerated on 
a Class A pipette, and there is thus good 
reason that the actual delivery time of each 
individual pipette should be marked on the 
instrument* This inscription, together with 
the distance from the tip of the pipette to the 
graduation mark, which is measured at the 
time of test and engraved on the pipette, 
enables the user to ascertain with certainty 
whether the pipette is in the same condition 
as when tested* 

Turning now to the question of limits 
between which the delivery times of pipettes 
of any given capacity should lie, the graphs 
shown in Fig . 20 furnish information bearing 
on this point* The data for the graphs were 
obtained from the same series of experiments 
as the data for the graphs in Fig . 19. The 
curves marked 15 secs., 30 secs., 60 secs., and 
120 secs, show the volume of water delivered 
by the 100 c.c. pipette for these particular 
delivery times with varying draining times. 

All the curves start at a point where drainage 
has already been going on for 2 seconds. It 
will be seen from the curves that when the 
delivery time is 15 secs. 0*045 c.c. of water 
drains out of the pipette in the first 5 secs, 
shown on the curve. When the delivery is 
60 secs., however, a drainage period of 98 secs, 
is required for the same volume of water to 
drain out. and with 120 secs, delivery time 
only 0-027 c.c. drained out in the whole 4 
minutes interval over which the observations 
extended. 

The fast rate of drainage which is thus seen 
to occur when a quick delivery time is used 
means that a comparatively large volume of 
water has been left behind on the walls of the 
pipette. In such cases much greater differences 
will be found between the volumes delivered 
when different liquids are used than when a 
long delivery time is used. Further, in order 
to obtain consistent results with the same 
liquid, the period allowed for draining must 
be very accurately timed if a short delivery 
time is employed owing to the rapid rate of 
drainage. 

There are thus serious disadvantages attend- 
ing the use of pipettes which have short 
delivery times. 


If the rate of oxitflow is too slow, however, 
the use of the pipette becomes unduly tedious 
and absorbs too much of the user’s time. 
Further, with very fine jets there are more 
likely to be variations in the volume of liquid 
which is detached against the side of the 
receiving vessel. 

It is therefore necessary to fix both an 
u PP er anc l a lower limit to the delivery time. 

The lower limit should be so chosen that the 
rate of drainage is not too rapid. The following 
table shows the error which would arise in 
the volume of liquid delivered by pipettes of 
varying capacity if the time allowed for 
drainage differed by 5 secs, from the standard 
time of 15 secs., assuming that the delivery 
time of each pipette had the minimum value 
allowed by the regulations given previously. 


Capacity of 
Pipette. 

Minimum 

Delivery 

Time 

allowed. 

AV. 

Class A. 
Tolerance 
on Capacity. 

c.c. 

secs. 

C.C. 

c.c. 

100 

30 

a 

O 

9 

6 

0 05 

50 

20 

0-00 8 

0*035 

25 

20 

0-00 3 

i 0-025 

10 

15 

0*00a 

0-015 

5 

10 

0*00 x 

0*010 

2 

5 

0*00 a 

0*006 


The errors are thus seen to be small and, 
moreover, are based on the assumption that 
the 15 secs, drainage period is not strictly 
adhered to, and are therefor© cajmble of being 
diminished by careful manipulation. 

The maximum delivery times allowed are 
twice the minimum values given above, and 
give ample margin to the manufacturer and 
are not unduly long for the xxser. 

Lastly, the desirability of fixing a definite 
period of drainage remains to be considered. 

Some authorities are of the opinion that it 
is" preferable to stipulate that no period for 
drainage should be allowed, but that the 
delivery should be regarded as complete im- 
mediately the meniscus comes to rest near the 
bottom of the delivery tube, i.e. at the end of 
the natural delivery time of the pipette. 

One objection to this is that if the drainage 
period is eliminated the impression is apt to 
be created that it is immaterial whether an 
observer allows a short time for drainage or 
not. The data previously given show that 
this impression is erroneous. Again, from the 
point of view of reproducing in calibration the 
conditions of use, it is more difficult to allow 
absolutely no drainage time than to allow a 
definitely specified interval. Moreover, a 
variation of a few seconds in the drainage 
time immediately after the delivery time is 
ended is more serious than a variation of the 
same amount in observing a drainage time of 
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15 secs., since the initial rate of drainage is 
appreciably greater than it is 15 secs, later. 
There is also the consideration that one is less 
likely to obtain consistent results by remov- 
ing the jet from contact with the side of the 
receiving vessel immediately the delivery time 
is ended than by removing it somewhat later 
when the conditions are more steady. 

There appears, therefore, to he sufficient 
reason to justify the practice of allowing a 
definite period for drainage, and the period 
of 15 secs, is one which does not make an 


pipettes were emptied with free outflow, 
touched against the side of the receiving 
vessel to remove the drop adhering to the jet 
at the end of the outflow time, and no period 
of waiting for drainage was allowed. The 
dimensions of the pipettes used are not stated. 
The results are summarised . in the following 
table in which the value Av is the difference : 
volume of liquid delivered" minus volume of 
water delivered, and is expressed in c.c. The 
column headed t secs, gives the delivery times 
of the pipettes for the liquids specified. 




Temp, 
of Ob- 

100 c.c. Pipette. | 

25 c.c. 

Pipette. 

10 c.c. 

Pipette. 

Liquid. 

Concentration. 







serva- 

tion. 

t secs. 

At) C.C. 

t secs. 

A?; c.c. 

t secs. 

Av c.c. 



Water .... 


° c. 

18 

39 


32 

.. 

20 

m t 

Nitric Acid . 

N/l 

17-5 

39 

— 0-005 

32 

+0-006 

20 

0*000 

Sulphuric Acid 

N/l 

17*7 

39*5 

+ 0*003 

31*8 

-0-003 


• • 

Hydrochloric Acid 

N/I 

18*2 

39 

+ 0*017 


• • 

20*7 

+0*006 

Oxalic Acid 

N/l 

17*9 

39-5 

+ 0-013 

32 

+0*005 


. . 

Sodium Carbonate* 

N/l 

18*0 

43 

-0-035 

. . 

. . 

20*5 

-0*003 


N/2 

17*5 

39-2 

-0-014 

. . 

• . 

21*2 

-0*004 

Caustic Soda 

N/l 

18*4 

40 

-0-015 

. . 

. . 

19*5 

0*000 

Caustic Potash 

N/l 

17-0 

39*4 

-0*017 

32 

-0-005 


- • 

Ammonia 

N/l 

18-0 

39*4 

+0 *004 

. . 

. . 

20-4 

-0*005 

Fehlinu’s Solution I. . 

. . 

18-4 

39*8 

-0*012 

. . 

. . 

20*3 

-0*005 

II * 

, , 

18-8 

46*2 

-0*198 

. . 

• . 

28*5 

-0*043 

Barium Chloride . 

N/l 

17-6 

39*5 

-0*014 

32-2 

-0*005 



Sodium Thiosulphate . 

N/10 

16*8 

40 

-0 005 

31*4 

-0*005 


. . 

Potassium Bichromate 

N/l 

16-7 

39 

-0*005 

31*6 

-0*003 

20*4 

-0-007 

Sodium Chloride . 
Ammonium Sulpho- 

N/10 

16-4 

39*2 

-0*004 

- * 


20*8 

+0*002 

-0*007 

cyanide 

Potassium Perman- 

N/l 

18-0 

38*8 

0*000 

32-2 

+0*004 

20*7 

0*000 

ganate 

N/10 

18*4 

40 

+0*010 

. . 


20*4 

Ferric Chloride* . 

1 c.c. =0-012 g. Fe 

17-2 

39*8 

-0*035 


- . 

20*8 

0*000 

Uranium Solution 

1 c.c. =0-005 g. P 2 0j5 

16*7 

39*4 

-0*006 

32*0 

+ 0*006 



Mercuric Nitrate . 

lc.c. =0-01 g. XJrea 

17-6 

39*2 

+ 0*004 

31-6 

+0*003 



Silver Nitrate 

N/10 

17-8 

39*2 

+0*005 

32*2 

+ 0*012 

21*2 

+0*004 

Sugar Solution 

1% 

18-8 

40 

-0*015 



18*8 

-0*003 

Indigo Solution (Kubel 

6-3 c.c. =0-001 g. 





0*000 



and Tiemann) . 

N 2 o 5 

17-6 

39*3 

-0*003 

32*0 



Iodine * 

N/10 

17-7 

39*0 

+0*025 



19*5 

+0*006 

Alcohol .... 

99-8% 

19-3 

41*6 

-0*142 

33-5. 

- 0*067 

. . 

. . 


50-5% 

19*0 

44*8 

-0*229 

37-4 

- 0*088 

230 

-0*059 

Sulphuric Acid (Cone.) 

96% 

19-6 

64 

-0*442 



52-4 

- 0*085 

Nitric Acid . 

30% 

19*5 

40 

- 0*004 



21-6 

+ 0*007 

Caustic Potash (Cone.) 

15% 

18-4 

40-4 

- 0-038 

. . 


21-2 

- 0*007 

Milk ^ . 


19*3 

41-6 

-0*174 


. - 

20-8 

- 0*052 

Milk 3 . 


19*3 

41-6 

- 0*092 

1 - 


20-8 

- 0*022 


1 Setting made on lowest point of water meniscus and highest point of milk meniscus. 
2 Sotting made on highest point of meniscus for both milk and water. 


inordinate demand on the user’s time and yet 
is ample to secure satisfactory results. 

(iv.) Use of Liquids other than Water,— Ex- 
periments on this point were carried out by 
W. Se'hloesscr. 1 

The lowest point of the meniscus was set 
on the mark in all cases except milk, in which 
case the top of the meniscus was read. The 
1 CJiemiker Zeitung , 1906, xxx. 1071. 


It will be seen from the above table that of 
the solutions above the horizontal line dividing 
the table into two parts the differences between 
the volumes of liquid and of water delivered 
are almost negligible except in the four cases 
marked with an asterisk. The concentrations 
given are the greatest ordinarily used in 
volumetric analysis, and hence with very few 
exceptions it may be said that pipettes cali- 

3 F 


vol. hi 
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brated with water may be used interchangeably 
for solutions ordinarily employed in volumetric 
analysis. 

In the case of the liquids in the lower portion 
of the table, with the single exception of the 
30 per cent nitric acid solution, the values of 
Av are excessive. For liquids such as those 
given whose physical properties differ con- 
siderably from those of water it is necessary 
to calibrate the pipettes for the particular 
liquid for which they are to be employed. 


The case of milk is of particular importance 
since the various methods, e.g. the Gerber, the 
Babcock, etc., of estimating the percentage of 
fat in milk, which are extensively used com- 
mercially involve measuring a quantity of milk 
by means of a pipette. The above table 
furnishes interesting data relative to the 
volume of water and of milk delivered by 
10 c.c. pipettes. 

The external diameters of the bulbs of the 
pipettes used are given above ; the delivery 
tubes were approximately 170 mm. long 
(210 mm* in the case of the 11 c.c. pipette) 
and 5*5 mm. external diameter ; the gradua- 
tion marks were 20 mm. to 40 mm. above the 
bulb, and the internal diameter of the suction 
tubes 4 mm. The bottom of the meniscus 
was set on the line for both liquids. This 
is quite practicable in the case of milk if the 
surface is viewed against a bright background, 
e.g. a window. 

It will be seen that for the last three 
pipettes the difference between the volume of 
milk and of water delivered is practically 
constant and equal to 0*03 c.c. both for 2 secs, 
drainage and for 15 secs, drainage. Further, 
the difference between the volume of milk 
delivered with 2 secs, drainage and with 15 
secs, drainage is small in the case of the same 
three pipettes. 

For the pipettes with shorter delivery times 
the differences between the volumes of water 
and of milk delivered are larger and variable. 
Note also that in the ease of the pipette with 
3-6 secs, delivery time 1 the difference in the 

1 Milk pipettes of 11 c.c. capacity for the Gerber 
method are frequently made with about 3 or 4 secs, 

delivery time. 


volume of milk delivered with 2 secs, and 15 
secs, drainage times respectively amounts 
to as much as 0T2 c.c., corresponding to 
0*04 per cent error in the estimation of 
the fat in a sample containing 4 per cent 
of fat. The use of milk pipettes with 
short delivery times is therefore not to be 
recommended. 

(v.) Effect of Temperature on the Volume of 
Liquid delivered by Pipettes . — The available 
experimental data on this point is meagre. 


W. Schloesser 2 gives the following values for 
the quantity of water remaining on the walls 
of pipettes when emptied at various tem- 
peratures : 


10 c.c. Pipette. 
Delivery Time 20 secs. 

100 c.c. Pipette. 
Delivery Time 39 secs. 

Temp. 

Volume of 
Residue. 

Temp. 

Volume of 
Residue. 

°C. 

c.c. 

° G. 

c.c. 

4*3 

0-067 

5*5 

0*200 

11-5 

0-067 

10*8 

0-224 

21-3 

0-061 

20*3 

0-2.10 

39-9 

0-062 

30*6 

0-197 


The above results indicate that, apart 
from the effect due to the expansion of 
the glass, the effects of change in tempera- 
ture are negligible for temperatures not far 
removed from the standard temperature 
15° 0. 

Dimensions of Pipettes. — The amount of 
liquid left on the inside of a pipette when it is 
emptied, the rate of drainage and the difference 
between the volumes of various liquids de- 
livered by the same pipette will obviously 
depend on the dimensions of the pipette. In 
the accounts of work relating to the behaviour 
of pipettes the dimensions of the instruments 
used are often not given, and the value of 
the results is not so great as it otherwise might 
be. There is great diversity in the dimensions 
of pipettes of the same capacity made by 
different manufacturers. It would be an 
advantage if greater uniformity could be 
attained, and the Committee on the Standard - 

2 Zeit. anal . Client . , 1907, xlvi. 413, 


Ext. Diam. 
of Bulb of 

Delivery Time 
(Seconds). 

Pipette. 

For Water. 

For Milk. 

imn. 

15*7 

3*6 

3-7 

15*4 

5*3 

5*5 

15*7 

7*9 

8-3 

14*9 

12*3 

12-8 

14*7 

16*5 

17-5 

16*2 

23*1 

25-7 

15*4 

27*2 

28*3 


Volume (c.c.) delivered with 
2 secs. Drainage. 


Water. 

Milk. 

Diff. 

9*881 

9*762 

-0*119 

9*903 

9*813 

— 0*090 

9*947 

9*865 

-0*082 

9*972 

9*922 

- 0*050 

10*016 

9*981 

-0*035 

10*019 

9*985 

-0*034 

11*010 

10*977 

- 0*033 


Volume (c.c.) delivered with 
15 secs. Drainage. 


Water. 

Milk. 

Diff. 

9*933 

9*879 

- 0*054 

9*927 

9-805 

- 0 *062 

9*953 

9*894 

- 0 *059 

9*976 

9*920 

- 0*050 

10*019 

9*986 

- 0*033 

10*020 

9*989 

-0*031 

11*012 

10*985 

- 0*027 
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isation of Laboratory Glassware appointed by 
the Society of Chemical Industry recommend 
the following dimensions. 1 




B 


FIG. 21. 


Capacity. 

A. 

B. 

C (Int.). 

D (lilt.)- 

Distance of 
Mark above 
Bulb. 

c.c. 

mm. 

mm. 

nun. 

mm. 

about mm. 

1 

95 

110 

5-5-0-5 

2 

25 

2 

100 

115 

7-7-5 

2 

35 

4 

120 

120 

10-10-5 

3 

35 

5 

120 

120 

11*5-12 

3 

35 

10 

190 

160 

13*5-14 

4 

40 

25 

200 

200 

17-18 

5 

50 

50 

200 

200 

.,27-28 

5 

50 

75 

200 

200 

30-31 

5 

50 

100 

1G5 

200 

35-30 

7 

50 


(vi.) Calibrating Pipettes . — An ingenious 
arrangement for calibrating pipettes, similar in 
principle to the well-known method of Ostwald 
for calibrating burettes, is due to S. English. 2 
The apparatus used is shown in Pig- 22. 
A WoulfFs bottle A, provided with two necks 
and a tubulure near the base, may be 
put in communication with a raised water 
supply B by means of the tap in the tube G. 
The pipette D to bo calibrated is inserted in 
an inverted position in the other neck of the 
bottle as shown in the figure. A pipette E, 
provided with a capillary stein and a three- 
way tap, is connected to A by means of a 
tube which passes through a rubber cork in 
the tubulure of the Woulff’s bottle. 

The apparatus is used as follows : the 
Woulff’s bottle is completely filled with water, 
care being taken not to trap any small bubbles 
of air. The tap C is opened and water is 
forced from A into the pipette D until the 
pipette is full, any small drop of liquid re 


A pipette of the same type as those to be 
calibrated and known from gravimetric deter- 
minations to be of the required accuracy is 
, used to cali- 

1 brate the pi- 

petteE. This 
! is done by 
filling E from 

the pipette of known accuracy in exactly the 
same way that the apparatus is used in sub- 
sequent calibrations. 

The blank pipettes shoxild be made of 
approximately the same dimensions as the 
standard pipette used to calibrate E, and 
should have jets which give a delivery time 
approximately equal to that of the same 
standard pipette. 

Troubles arising from small traces of grease 
are said to be lessened if dilute acetic acid is 
used in the apparatus instead of water. 

(vii.) Types of Pipettes. 

— By far the most usual 
form of pipette is that 
shown in the figure ac- 
companying the table 
of dimensions which 
follows Fig. 21. 


main mg on the jet being wiped off. During 
this procedure the pipette E is empty and not 
in communication with A. When 1) is full C 
is shut off and the three-way tap opened so 
that water flows from D into E, and when the 
rising liquid surface reaches the mark on the 
capillary stem the three-way tap is closed. 
The standard period for drainage is then 
allowed to elapse and the position of the 
water surface marked on the suction tube of 
the pipette D. 

The rate at which E fills is controlled by a 
constriction at F. The pipette E must be filled 
and allowed to empty through its delivery 
jet, i.e. in a definite time, before commencing 
a series of calibrations, and similarly emptied 
in between each pipette calibrated. 

1 Jour. Sac. Chcm. Tnd., 1019, xxxyHi. 283 R. 

* Jour. Hoc. Glass. Technology, 1918, ii. 210-210. 





Sometimes a bulb 
is blown in the suc- 
tion tube above the 
graduation mark to 
lessen, the risk of 
liquids being drawn 
up into the mouth. 

In some cases 
pipettes are made 
with a graduation 
mark on the delivery 
tube in addition to 
the usual mark above 
the bulb. When, 
o mp tying such 
pipettes the liquid 
surface is brought to 
rest on the lower mark 
instead of allowing 
the pipette to empty 
right down to the 
j et. Such pipettes, 
however, are not in 
common use and the ordinary form is preferable 
in many ways. 

Graduated pipettes will be dealt with after 
burettes, to which they arc closely allied, have 
been considered. 

Automatic Pipettes . — The simplest form of 
automatic pipette is the Stas pipette. It is 
similar to the ordinary pipette hut has a 
short capillary tube replacing the ordinary 



Via. 22. 




804 


VOLUME, MEASUREMENTS OF 


long suction tube and a short delivery tube 
also, of narrow bore. Both ends of the pipette 
are drawn out in the form of a jet and ground- 
off square. The pipette is filled from below 
by means of a rubber tube until liquid over- 
flows at the top. The overflowing liquid is 
collected in a bowl-shaped glass vessel with 
a hole in the bottom fitted with an india- 
rubber cork through which the top of the 
pipette projects. When the 
pipette is filled the top is closed 
by placing one finger over the 
top jet. The rubber tubing is 
removed from the bottom jet 
and any liquid adhering to the 
outside of the jet wiped away, 
and then the pipette is allowed 
to empty by removing the 
finger from the top. 

The pipette is simple in con- 
struction, easy to clean, and 
gives consistent results if care- 
fully used. 

A second type of automatic 
pipette, which also has an 
overflow jet replacing the upper 
graduation mark, is. fitted with 
a two-way tap below the bulb. 
In one position the tap con- 
nects the bulb with a supply 
bottle for filling and in the other 
with a delivery jet for emptying. The over- 
flow jet projects into an arrangement similar 
to that shown in Fig. 1 8 to carry away surplus 
liquid when filling. 

The pipette shown in Fig. 23 is filled by 
applying suction through the tube A until 
liquid overflows at the jet B. The jet B is 
then closed by pressing a rubber pad C, which 
covers a hole in the outer tube, against the 
end of the jet. The pipette is emptied by 
releasing the pressure on the rubber pad. 

§ (18) Burettes. (i.) Graduations. — All 
burettes accepted for the Class A Tests of 
the National Physical Laboratory or for tests 
at the Bureau of Standards or the Reichsan- 
stalt must have their graduation marks carried 
out as shown in Fig. 24. 1 Every tenth line is 
carried completely round the tube and num- 
bered. The shortest graduation marks extend 
half-way round the tube, and the lines midway 
between the numbered marks are intermediate 
in length. The tap should be sealed to the 
burette in such a position that when the 
burette is placed in a stand -with the tap in 
the usual position (i.e. so that it is operated 
by the right hand) the ends of the shortest 

1 In addition to illustrating the method of graduat- 
ing, the two photographs also show the effect of using 
the method of screening the liquid surface previously 
described <see p. 789). The photograph on the left 
was taken against a white’ background. The other 
photograph was taken immediately afterwards on 
the same meniscus and against the same background, 
but with the paper screen in position. 


marks lie on a line running centrally down 
the front of the burette. The graduation 
marks and the numbers then appear as shown 
in Fig. 24, when the burette is viewed from 
the front. 

This method of graduating burettes has met 
with considerable criticism, and it is therefore 
necessary to consider the matter in detail. 

When reading a burette an observer should 
perform three distinct operations, viz. : 

1. Bring his eye exactly to the level of the 
liquid surface. 

2. Note the reading. 

3. Assure himself that his eye is still at the 
right level. 

A good -observer performs these operations 
automatically and without conscious analysis 
of his actions. 

With burettes graduated as previously de- 
scribed the above operations can be carried 
out with extreme ease and rapidity. By 
placing his eye so that the front and back 
portions of the line nearest to the liquid 
surface are seen to coincide, the observer at 
once brings his line of vision into the correct 
position. The reading is then noted and a 
final glance at the graduation mark suffices to 
ensure that the eye is still at the correct level. 

Errors due to parallax can thus be practi- 
cally eliminated with the minimum of trouble 
when using burettes graduated in the specified 
manner. Moreover, the feeling of absolute 
certainty on the part of the observer that 
this has been achieved is not to be under- 
estimated. 

A very large number, probably the majority, 
of the burettes manufactured, however, are 
not graduated in the above manner, but simply 
have short graduation marks down the front 
of the tube. Every fifth and tenth line is 
somewhat longer than the rest, but with none 
of the graduation marks is it possible to 
eliminate errors due to parallax in the manner 
described above. 

In chemical literature and standard text- 
books numerous devices, e.g. floats, attachable 
mirrors, and reading telescopes, burettes with 
silvered backs, burettes with enamelled backs, 
etc. etc., are described for use with burettes 
graduated with short lines only. The object 
of the devices is to obtain increased accuracy 
in reading, and many of them aim at, and 
others are erroneously supposed to achieve, 
the elimination of errors due to parallax. 
The very existence of these devices is a con- 
demnation of the type of burette for which 
they are designed. 

There is only one objection to carrying the 
lines round the tube which can bo urged with 
any serious claim to consideration. ’ This is 
that the length of the lines gives the burette 
a confused appearance which is trying to the 
eyes. This is no doubt true if one glances 



Y 

Fig. 23. 
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casually at such a burette, but if, as should 
be the case when the burette is in use, one’s 
attention is concentrated on the graduation 
marts in the immediate neighbourhood of the 
liquid surface, no sense of confusion arises, in 
fact quite the reverse. The fact of being able to 
bring the front and back portion of the line near- 
est the liquid surface into coincidence creates 
a sense of certainty rather than confusion. 

The objection raised that the burettes are 
much more difficult to manufacture when the 
lines are carried round 
the tube instead of 
merely being engraved 
on the front is simply 
a question of using 
suitably designed 
dividing engines. 

Dividing engines are 
obtainable which will 
carry out graduations 
in the specified manner 
just as readily as short 
graduation marks. 

Finally, it is not 
without significance 
that in the case of 
flasks and pipettes 
where it is extremely 
easy to carry the line 
completely round the 
tube no one has sug- 
gested that a short 
line on the front only 
would serve equally 
well 

(ii.) Method# of using 
Burettes . — When a 
burette is emptied say 
from the 0 c.o. mark 
to the 50 c.o. mark, 
the volume of liquid 
which is delivered will 
vary with the rate at 
which the burette is Fig. 24. 

Again, for 


oni A 

any given rate of delivery the reading of 
the final position of the liquid surface will 
vary with the amount of time which elapses 
between closing the tap and taking the 
reading. This is due to the drainage of 
liquid from the walls causing the liquid surface 
to rise in the tube. 

It is therefore obvious that the actual volume 


time 1 and also the effect of drainage in altering 
the burette readings. 

Very valuable information on these points 
has been obtained at the Bureau of Standards, 
to which reference will be made later (see p. 
807). The following account of a recent in- 
vestigation carried out at the National Physical 
Laboratory will serve, by concentrating on a 
particular case, to bring out clearly the great 
variations in the volume of water delivered, 
and in the burette readings obtained, which 

may be obtained by 
varying the condi- 
tions of use. The 
results also indicate 
equally clearly the 
means by which such 
variations may be 
minimised in actual 
use. 

A 50 c.c. burette 
was used for the ex- 
periments, and the 
length of the gradu- 
ated portion from the 
0 c.c. mark to the 
50 c.c. mark was 534 
mm. The first series 
of experiments to be 
described provide 
data relating to the 
drainage of water 
down the walls of the 
burette. 

The burette was of 
the type for use with 
a jet attached by 
means of an india- 
rubber tube. A series 
of six jets was used, 
and the diameters at 
the outlets were such 
that the times re- 
quired to empty the 
burette from the 
0 c.o. mark to the 
50 e.c. mark were respectively 21 secs., 
40 secs., 73 secs,, 1.15 secs., 161 secs., and 
222 secs. 

The burette was mounted vertically in front 
of a reading telescope provided with a micro- 
meter eyepiece, and so situated that tlio 
50 c.c. mark on the burette was somewhat 
below the centre of the field of view. The 


of liquid delivered by a burette can only be 
in agreement with the volume indicated by 
the burette when definite conditions of use arc 


burette was allowed to empty freely through 
one of the jets, the outflow being stopped 
when the meniscus was nearly at the 50 c.c, 


adhered to. 

In order to be in a position to define con- 
ditions of use which will prove satisfactory, 
a necessary preliminary is to obtain exact 
information concerning the effect on the 
volume delivered of altering the delivery 


1 By the “ delivery time ” or “ time of outflow " 
of a burette is meant the time occupied by the 
unrestricted outflow (i.e. free delivery with tap 
fully open) of water from the zero mark to the 
lowest graduation mark. By “ drainage time ** Is 
meant the time which elapses between closing the 
tap and the moment of reading the position of the 
liquid surface. 
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mark and therefore . in the field of view of 
the telescope. The movable horizontal cross 
wires of the micrometer eyepiece were set on 
the bottom point of the meniscus as soon as 
possible after the outflow was stopped. Suc- 
cessive readings of the position of the meniscus 
were taken over a period of approximately 
half an hour, the readings being taken at 
30-second intervals for the first 8 minutes 
or so, and thereafter somewhat longer inter- 
vals were allowed to elapse between the 
readings. 

The results obtained are shown in the 
accompanying graph (Fig. 25), in which the 
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Drainage Time 
FIG. 25. 

drainage time is plotted horizontally and the 
volume of water drained from the walls is 
plotted vertically. The time given at the end 
of each curve is the time occupied in emptying 
the burette from the 0 c.c. mark to approxi- 
mately the 50 c.c. mark before commencing 
the observations on the drainage recorded on 
the curve. 

The following points may be noted from 
even a casual examination of the curves. 

(1) The total amount of drainage is large, 
and in the early stages the rate of drainage 
is rapid when the delivery time is short. 
For example, for a delivery time of 21 
secs, the total drainage in half an hour 
was 0-23 c.c., and the rate of drainage at 
the end of 3 minutes was about 0*07 c.c. 
in 100 secs. Compare these volumes with 
’the National Physical Laboratory tolerance 
in the Class A tests of a 50 c.c. burette, viz. 
± 0*04 c.c. 


(2) When the time of delivery is in- 
creased the total amount of drainage and 
the rate of drainage is notably decreased. 
For example, for the delivery times 115 
secs,, 161 secs., and 222 secs., corre- 
sponding to the three lowest curves, the 
total drainage in 10 minutes does not exceed 
0-01 c.c. 

(3) Drainage persists for a consider- 
able time. Even at the end of half an 
hour the curves have not become hori- 
zontal. 

The above points summarise briefly the 
main facts relating to drainage, but before 
considering their bearing on the method of 
using burettes it is necessary to consider the 
effect of variations in delivery time on the 
volume of liquid actually delivered from the 
burette. 

The required information may, however, be 
derived from the curves already given. If 
the observations had been continued until all 
the curves had become horizontal, then the 
difference between the ordinates of any two 
curves in this region would be the difference 
in the total amount of drainage which had 
taken place in each case. This difference is 
obviously the difference between the total 
amounts of liquid left in the burette when 
emptied in the delivery times corresponding 
to the two curves in question. But the 
difference between the amounts of liquid left 
behind in each case is clearly equal to the 
difference in the volume of liquid delivered, 
since the original volume in the burette when 
filled to the 0 c.c. mark was the same in each 
case. 

The curves are sensibly parallel on the 
right-hand side of Fig . 25, and the difference 
in the ordinates at say 1500 secs, drainage 
will be approximately equal to the differences 
when the curves are prolonged until they 
become horizontal. 

Assume that the burette delivered exactly 
50 c.c. in 222 secs. Then if we subtract from 
50 c.c. the volume corresponding to the final 
distance of the curve for, say, 1(51 secs, 
delivery time, above the curve for 222 sees, 
delivery time we shall obtain the volume of 
water delivered in 161 secs. Proceeding in 
this way for each of the delivery times given, 
data can be obtained for a curve showing the 
relation between delivery time and volume 
delivered. 

The curve shown in Fig . 26 was obtained in 
the manner just described. 

At this stage it is obvious that a check 
on the accuracy of the microscope determina- 
tions can be obtained by weighing the quantity 
of water delivered by the burette with jets of 
various diameters. The points indicated by 
crosses are based on such observations, and 
it will be seen that they fall reasonably close 
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to the curve deduced from the microscope 
observations. 1 

The essential points to notice about J Fig. 2G 
are the steepness of the initial portion of the 



curve and the gentle slope of the latter 
portion. Thus, for example, changing the 
delivery time from 21 secs, to 42 secs, produces 
0*1 c.c. change in the volume delivered. A 
change from 110 sees, to 220 secs., i.e. the 
same percentage change as before, only pro- 
duces a difference of 6-03 c.c. in the volume 
delivered. A change from lit) secs, to 1 31 secs., 
i.e. the same absolute change as in the first 
case, produces only 0*01 c.c. difference in the 
volume delivered. 

We may now consider the bearing of the 
above facts on the method of calibrating and 
using burettes. 

In the first case consider the above £0 c.c. 
burette to have been calibrated for a quick 
delivery time, e.g. 21 secs. In calibrating 
the burette the time of delivery would have 
to be rigidly adhered to owing to the changes 
produced in the volume delivered by small 
changes in the delivery time. The magni- 
tude of the changes in volume delivered 
from the 0 c.c. mark to the 50 c.c. mark pro- 
duced in this way may bo seen f rom Fig, 26. 
The slope of this curve in the neighbour- 
hood of 21 secs. corresponds to a change in 
volume of 0*03 c.c. for 5 sees, change in delivery 
time. 

Again, the burette reading would have to 
bo talc on at so mo del h iitely specified tim e 
after closing the tap, because the rate of 
drainage is rapid. For example, at the end 
of l minute drainage time the rate of drainage 
is approximately 0*05 c.c. per minute. 

If, therefore, a burette is calibrated for a 
quick delivery time, rigid conditions of use 

1 Actually the burette was found by weighing 
to deliver 40*04 L can in 222 seconds. All the values 
found by weighing were increased by (50- 40*041 ) c.c. 
to brims them into line with the assumption that 
50 e.e. were delivered in 222 seconds, which was 
made in deducing Fi(h 2(> from 2f> . This assump- 

tion, made fortho sake of simplicity, and the conse- 
quent adjustment of the results obtained by weiRlniiK, 
in no way affects the validity of any of the conclusions 
drawn from the curves. 


m 


must be specified which cannot be departed 
from without introducing serious errors. 

Next, by way of contrast, let us consider 
the calibration of the above burette for a 
long delivery time, e.g . 222 secs. The delivery 
time may be varied by about 45 secs, without 
changing the volume delivered from the 0 c.c. 
mark to the 50 c.c. mark by more than 0*01 c.c. 
Again, from Fig, 25 it will be seen that the 
amount of drainage which takes place in the 
first ten minutes is such that it would 
produce no visible change in the burette 
reading. 

Hence, suppose a 50 c.c. burette to be 
calibrated for 222 secs, delivery time and no 
drainage time, then when, the instrument 
is actually in use these conditions can be 
varied quite appreciably to suit the con- 
venience of the user without' affecting the 
accuracy of the results. 

The advantage of burettes, calibrated for 
long delivery times is clearly established by 
the above considerations. 

If the delivery is unduly long, however, 
the burette becomes tedious to use. It is 
clearly necessary though, in order to ensure 
satisfactory result, that minimum delivery 
times must be fixed. These minima should 
be as small as is consistent with accuracy in 
order to effect economy of time. 

The Bureau of Standards 2 fixed the mini- 
mum delivery times for burettes admitted to 
their tests on a thoroughly sound basis. The 
minimum delivery times chosen were such 
that for burettes of customary dimensions 
the maximum drainage from any interval 
emptied which occurs during the first two 
minutes after stopping the outflow amounts 
to about 0*05 mm. change in position of the 
water surface. 

The minimum delivery time permitted for 
the 50 c.c. burette used in determining the 
data for Figs. 25 and 26 is 105 secs, accord- 
ing to the Bureau of Standards regulations. 
It will be seen from the figure that the 
above condition as to drainage is amply 
fulfilled in the case of the 50 c.c. interval 
considered. 

The minimum delivery times specified thus 
practically eliminate all errors duo to change 
in position of the liquid surface caused by 
drainage, provided that the reading is taken 
any time within a few minutes after the re- 
quired amount of liquid has been run out of 
the burette. This allows a valuable latitude 
to the user without loss of accuracy. 

Further, with the delivery times specified 
small variations in the time of outflow caused 
by not having the tap fully open when the 
burette is in use are of far less serious conse- 
quence than with burettes calibrated for short 
delivery times. 

3 Bull . Bureau of Standards , 1908, iv, f>83. 
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The delivery times specified by the Bureau 
of Standards are given below, along with the 
National Physical Laboratory times. 


Length, 

Graduated. 

Bureau of 
Standards. 

Class A Tests. 

N.P.L, 

Class B Tests. 

Minimum 
Time of 
Outflow. 

Maximum 
Time of 
Outflow. 

Minimum 
Time of 
Outflow. 

Maximum 
Time of 
Outflow. 

Minimum 
Time of 
Outflow. 

Maximum 
Time of 
Outflow. 

cms. 

secs. 

secs. 

secs. 

secs. 

secs. 

sees. 

15 

30 

180 

' 30 

60 

20 

60 

20 

35 

180 

40 

80 

30 

80 

25 

40 

180 

50 

100 

35 

100 

30 

50 

180 

60 

120 

45 

120 

35 

60 

180 

70 

140 

50 

140 

40 

70 

180 

80 

160 

55 

160 

45 

80 

180 

90 

180 

60 

180 

50 

90 

180 

100 

200 

70 

200 

55 

105 

180 

110 

220 

75 

220 

60 

120 

180 

120 

240 

80 

240 

65 

140 

180 

130 

260 

85 

260 

70 

160 

180 

140 

280 

90 

280 

75 



150 

300 

100 

300 


Note. — F or lengths not tabulated, the times 
allowed are those corresponding to the next larger 
tabulated length. 


The minimum times specified by the Bureau 
of Standards and for the National Physical 
Laboratory Class A Tests are practically the 
same. The maximum times differ, but the 
exact value of the maximum is unimportant 
provided it is not so large as to make the 
burette too tedious in use. 

The minimum times fixed for the N.P.L. 
Class B Tests are approximately 30 per cent 
less than the corresponding minima for the 
Class A Tests. This is rendered possible 
because a less high degree of accuracy is 
aimed at in the Class B Tests. 

The delivery times given above are longer 
than those in general use. One reason for this 
is that the official German regulations specify 
much shorter times. The times specified are : 


Length of 
Graduated Portion. 

Minimum 
Time of 
Outflow, 

Maximum 
Time of 
Outflow. 

Greater than 

But not 
greater than 

mm. 

mm. 

secs. 

secs. 

. . 

200 

25 

35 

200 

350 

35 

45 

350 

500 

45 

55 

500 

700 

55 

70 

700 

1000 

70 

90 


It will be seen that in general the maximum 
German outflow times are less than even the 
N.P.L. Class B minimum times. 

Standard German burettes are tested for 
the above delivery times, and allowance is 
made for 30 secs, drainage. Corrections are 


certified to 0*01 c.c. If the conditions of test 
are strictly adhered to, these values may be 
repeated. Small variations in the conditions, 
such as are practically bound to occur when 
the burettes are in use, introduce errors not 
only in excess of the degree of accuracy to 
which corrections are certified, but in excess 
of the total error tolerated. For example, a 
delivery time of 55 secs, would be considered 
satisfactory for the 50 c.c. burette to which 
Figs . 25 arid 26 relate. Yet this burette 
delivers the following amounts in excess of 
the volume delivered in 55 secs. : 

For 70 secs, delivery time 0*02 c.c. 

„ 90 „ „ „ 0*04 c.c. 

In addition to this the rate of drainage is 
by no means negligible for the minimum 
times of outflow permitted by the German 
regulations. 

This official sanction of short delivery 
times combined with the fact that the un- 
certainties attending the use of such burettes 
are not generally recognised has led to the 
general use of burettes with quick delivery 
times, the delivery times being in many 
cases considerably less than even the specified 
German minimum. A more general use of 
burettes with longer delivery times would be 
a desirable reform. 

The exact method of test adopted at the 
N.P.L. for burettes is given in the following 
section. By virtue of the length of delivery 
time specified the only demand made on the 
user in order that the values found in the 
test may be reproduced in actual use is that 
when emptying the burette the tap should 
be kept fully open. Even small quantities 
at a time may be emptied by sharply turning 
the tap fully on and then off again. With 
Class A burettes the sum of the volumes 
obtained by emptying a given interval in 
successive stages differs only slightly from 
the volume delivered when the whole interval 
is emptied at once, provided the above 
condition is fulfilled. 

It is, of course, not feasible to keep the tap 
fully open when nearing the end point of a 
titration. The last c.c. or so must be added 
slowly. In effect, however, this simply 
amounts to a small increase in the drainage 
time which has been shown not to introduce 
serious errors. Moreover, a similar condition 
exists in the method of test (see (iii.)), as the 
rate of outflow is reduced when the water 
surface is about 1 cm. from the mark to be 
tested in order to control the motion of the 
meniscus and obtain an accurate setting on 
the mark to be tested. 

The final reading of the burette may be 
taken at the user’s convenience within a 
reasonable time after the required volume 
has been delivered. For reasons given pro- 





VOLUME, MEASUREMENTS OF 


809 


viously it is unnecessary to observe a definite 
drainage time. 

If readings other than the 0 c.c. mark are 
taken as the initial reading no serious errors 
are introduced. 

(iii.) Testing of Burettes . — The following 
account of the regulations governing the 
testing of burettes at the National Physical 
Laboratory is based on the test pamphlet 
previously referred to. 

The only burettes admitted to the Class A 
tests are those with a tap permanently sealed 
to the instrument and graduated as shown 
in Fig. 24. In addition to these, however, 
burettes with short lines, burettes for use 
with detachable jets, and also “ enamel 
back” burettes are admitted to the Class B 
tests. 

The time of outflow must be marked on the 
tubes of all burettes, and the actual, time of 
outflow must be within the limits, which 
have already been given in (iL). Further, 
the marked time of outflow must not differ 
from the actual time of outflow by more than 
the amounts given in the following table : 


Marked Time of 
Outflow. 

■ 

Maximum Difference allowed 
between the Marked Time of 
Outflow and the Actual 
Time of Outflow. 

secs. 

hh secs. 

50 

4 

100 

8 

150 

12 

200 

16 

300 

20 


The above provision enables a damaged 
delivery jet to be replaced by one giving the 
same delivery time and consequently deli vexing 
the same volumes of liquids. The method of 
test adopted is as follows : 

Burettes are clamped vertically for test, 
and filled with water to a short distance 
above the zero mark. Water is then slowly 
run out until the meniscus is exactly on the 
zero mark. The drop adhering to the tip 
is then removed by bringing the tip into 
contact with the inside of a glass beaker. The 
instrument is then allowed to deliver freely, 
i.e. with the stopcock fully open, into a clean 
weighed vessel. It is necessary, however, to 
arrest the full flow of liquid in time to obtain 
control over the final movement of the water 
surface and to bring the meniscus to rest 
accurately on the line to be tested. Th • 
instrument is therefore allowed to deliver 
freely until the water surface is approxi- 
mately 1 cm. from the line to be tested. 
The rate of outflow is then reduced and 
the motion of the water surface brought under 
control so that an accurate setting can be 
made on the line in question. No period 
of waiting for drainage is allowed. The drop 


adhering to the tip after the setting has been 
made is removed by bringing the side of the 
receiving vessel into contact with the tip. 

The zero mark is always taken as the starting- 
point of the intervals tested. 

The volume of the water delivered in the 
above manner is determined by weighing, 
using the counterpoise method previously 
described in detail in connection with flasks. 

The tolerances allowed are : 


Total 

Capacity. 

Maximum Error allowed at any 
Point and also Maximum 
Difference allowed between the 
Errors at any Two Points. 

* 

Class A. 

Class B. 

c.c. 

+ C.C.8. 

±c.c.s. 

2 

0*01 

0-015 

10 

0*02 

0-035 

30 

0*03 

0*05 

50 

0-04 

007 

75 

0-06 

0*10 

100 

0*08 

0*14 

200 

0*15 

0*25 


Volumetric methods of testing burettes are 
not employed at the National Physical 
Laboratory or any of the similar institutions 
in other countries. Such methods, e.g. that 
of Ostwald, which is very frequently quoted, 
are not to be relied upon to the same extent 
as gravimetric methods. In the latter the 
conditions are strictly comparable with those 
existing when the burette is in use. With 
volumetric methods the conditions, particu- 
larly the time of outflow, the importance of 
which has been shown previously, may depart 
widely from those under which the burette is 
used. 

§(19) Graduated Pipettes. — Graduated 
pipettes consist of a glass tube drawn out to 
a delivery jet at the bottom and open at the 
top. The internal diameter at the top is such 
that the pii>etto can be easily closed and the 
outflow of liquid controlled by pressing one 
finger on the top of the pipette. 

The pipettes are graduated in cubic centi- 
metres and fractions of a cubic centimetre 
as in the case of burettes. In some cases 
the pipettes are arranged to deliver their 
total capacity when emptied down to the 
jet, and in others the lowest graduation 
mark is some distance above the jet. The 
mode of graduation shown for burettes in 
Fig. 24 is well adapted for graduated pipettes 
also. 

The same considerations as to delivery 
time and drainage time apply to graduated 
pipettes as have been, dealt with in the ease 
of burettes. The same tolerances on capacity 
and regulations as to delivery time are em- 
ployed at the National Physical Laboratory 
for graduated pipettes as for burettes. It 
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is specified, however, that the graduated 
portion must not exceed 35 cm. in length. 
This provision is to exclude graduated pipettes 
which, being unduly long, are difficult to 
manipulate. 

There is not such complete control in the 
manipulation of graduated pipettes as in the 
case of burettes- They are mainly useful in 
cases where variable volumes of liquid have 
to be measured to a somewhat less high degree 
of accuracy than is usually demanded of 
burettes of the same capacity. Graduated 
pipettes of small total capacity, e.g . 1 c.c. or 
less, are more frequently used than ones of 
larger capacity. 

§ (20) Graduated Measuring Glasses. — 
Graduated measuring glasses, both cylindrical 
and conical, are extensively used for measuring 
volumes of liquid rapidly and to a moderate 
degree of accuracy. 

Conical measures are mostly graduated in 
terms of imperial units, viz. fluid ounces, etc., 
and cylindrical ones are more frequently 
graduated in terms of metric units. Cylindrical 
mea.sures are the more reliable because the 
regularity in diameter gives them a uniformly 
spaced scale which can be calibrated and read 
more accurately than the contracted scale of 
a conical measure. 

The internal diameter of cylindrical measures, 
particularly when they are mould blown, is 
liable to considerable variation near the base 
of the instruments. For this reason it is 
recommended by the National Physical Labor- 
atory that the graduations should be omitted 
from the bottom portions of the cylinders for 
a length corresponding to one-tenth of the 
total capacity. 

Graduated measures should stand firmly 
when placed on a level table, and the Bureau 
of Standards also require that the base must 
be of such a size that the measures will stand 
on a plane inclined at 15° to the horizontal. 

Graduated measures are calibrated in some 
cases for cc content ” and in others for ct de- 
livery,’ 1 and should hear an inscription in- 
dicating the method of use for which they are 
intended. 

When calibrated for “ content 55 cylinders 
may be tested by weighing the water which 
they contain when filled to the graduation 
mark to be tested, or by filling them from a 
carefully calibrated delivery apparatus similar 
to those described in connection with flasks. 

Measures calibrated for ec delivery 55 are pro- 
vided with lips, and in testing are emptied by 
gradually inclining them, until, when the con- 
tinuous stream of liquid has ceased, they are 
nearly vertical. In this position they are 
allowed to drain for half a minute, and the 
lip is then stroked against the inside of the 
receiving vessel to remove any drop of water 
adhering to the lip. 


The tolerances allowed by the National 
Physical Laboratory are given in the table 
below, only cylinders graduated for cc content ” 
being admitted to the Class A tests. In the 
case of cylinders submitted for the Class A 
tests the graduation marks must be carried 
round the tube as described previously in the 
case of burettes intended for the Class A tests. 


Total 

Capacity. 

Maximum Error allowed at any 
Point and also Maximum Difference 
allowed between the Errors at any 
Two Points. 

Class A. 

Class B. 

For Content. 

For Content. 

For Delivery. 

c.c. 

H- C.C. 

-h C.C. 

+ C.C. 

5 

0*04 

0*06 

0*08 

10 

0*06 

010 

0*12 

25 

0*10 

0*15 

0*20 

50 

0*15 

0-25 

0*30 

100 

0*25 

0-40 

0*50 

250 

0*50 

0-8 

1*0 

500 

10 

1-5 

2*0 

1000 

1-5 

2*5 

3-0 

2000 

2*5 

4*0 

5*0 


The report of the committee on the stand- 
ardisation of laboratory glassware 1 gives the 
following as suitable dimensions for graduated 
cylinders : 


Capacity. 

Diameter. 

Height 

Overall, 

Stoppered. 

Hoi gbt 
Overall, ITn- 
atoppured. 

Diameter 
of Foot. 

c.c. 

mm. 

mm. 

mm. 

mm. 

5 

13 

. , 

110 

35 

10 

15 

. ♦ 

125 

35 

25 

20 

200 

200 

45 

50 

24 

240 

200 

50 

100 

31 

290 

240 

60 

250 

41 

380 

330 

75 

500 

52 

480 

380 

05 

1000 

67 

610 

440 

115 

2000 

82 

610 

500 

130 


§ (21) Standard Brass Measures.— The 
Board of Trade have standard measures of 
capacity constructed of brass. They are very 
solidly made cylinders provided with stout 
handles. The base of the cylinder is closed and 
finished off parallel to the top, so that when the 
measure stands on a level surface the top of the 
measure is horizontal. The volume contained 
by the measure is determined by means of a 
glass “ strike.” This is a glass plate with a 
small hole in the centre. To obtain an exact 
quantity of water in the measure it is filled 
until the water surface is slightly above the 
level of the rim, the liquid being prevented 
from overflowing by the action of surface 
tension. The giass “ strike ” is then firmly 
pressed on one edge of the measure, and 
1 Jour . Soc. Chem. Ind. 3 1919, xxxviii, 285 It. 



VOLUME, MEASUREMENTS OE 


811 


pushed across the top, thus sweeping away 
the excess of water in front of it, until, when 
the strike is in the position shown in Fig. 27, 
the measure is exactly full of water. 


'' 







Fig. 27. 



§ ^22) Measurements of Vonmms of 
Gases, — In scientific work the measurement 
of volumes of gases mainly arises in connection 
with the analysis of gases, and in the analysis 
of substances by measuring the quantity of 
gas evolved when a known weight of the 
substance is made to undergo a suitable 
chemical reaction. 

A large variety of different types of apparatus 
have been designed for particular purposes, 
but it is beyond the scope of the present work 
to deal with these in detail. We shall confine 
ourselves solely to the actual measurement of 
volumes of gases, leaving the reader to refer 
to such books as those quoted below 1 for full, 
information as to the manipulation of the 
various typos of apparatus and the particular 
operations to which they are adapted. 

For most purposes it is sufficient to assume 
that gases obey the well-known law 


m' ' — W • 

X 1 X 2 

Owing to the largo variation which takes 
place in the volume of a given mass of gas 
with change of pressure and temperature, it is 
necessary to state in conjunction with the 
volume of a gas the particular pressure and 
temperature for which the given volume is 
correct. In many cases it is desirable to 
reduce the observed volume of a gas to the 
volume which the gas would occupy under 
standard conditions of temperature and press- 
ure, viz. a temperature of 0° (1 and a 
pressure equal to that of 760 mm. of 
mercury at 0° 0. and under standard gravity, 
lienee tables have been prepared to facilitate 
this reduction, which may be found in many 
books of physical and chemical tables. 2 

There are two distinct methods of measuring 
the volume of a gas, viz. : 

(i, ) ( ))>sei ving 1 ho volu me in a graduated 
vessel, the temperature and pressure being 
ii < >ted 1 > u fc re r n ai n i n g p me t i cal ly eonstan t 
throughout a series of observations. 

(ii.) Observing the pressure exerted by a gas 
when it occupies a space of known volume. In 
this ease also the temperature must be noted. 


1 Si*(‘ such “liooks .is Sludtf of CVr.srw, by Dr. M.W. 
Travers ; Methods of (las Anahfsh , by \ >r. W. iiempcl ; 
and Methods of Air A nulif&is, by 1>r. .1. S. Haldane, etc. 

3 hJ.tj. 4 * Smithsonian Tallies,’* rtc. A convenient 
form of table is tlmt. coiniiiled by Dr. G. Harr and 
given in The Chemist's Year Book, 11)20 edition. 


The simplest form, of apparatus for measuring 
volumes of gases in the first manner consists 
of two cylindrical glass tubes connected to- 
gether at the bottom by means of a length 
of india-rubber pressure tubing. One tube is 
graduated and closed at the top by means of 
a tap, and the other is open at the top. 
Mercury fills a portion of the apparatus, and 
by raising the open tube and opening the tap 
of the graduated one the latter can be com- 
pletely filled with mercury. The gas to be 
measured is drawn in through the tap by 
lowering the open tube, and, on closing the 
tap, the volume of gas enclosed is read off 
after first adjusting the 
height of the open tube, so 
that the mercury surfaces in 
each tube are at the same 
level. The pressure of the 
gas is then equal to the pre- 
vailing barometric pressure. 

More accurate results are 
obtained if the open tube 
remains fixed in position and 
the mercury levels are ad- 
justed by means of a mercury 
reservoir connected as shown 
in Fig. 28. The gas burette 
A and the pressure tube B 
can then be enclosed in a 
water-bath and so maintained 
at a uniform temperature. 

If the tubes A and 33 are 
of the same internal diameter 
no correction is required for 
the capillary action at the 
mercury surfaces in the two 
tubes. If the tubes are ot 
different diameters a suitable 
correction must be applied. 

The apparatus just described can obviously 
be used for making measurements by the 
second method if the mercury surface is always 
brought to the same mark on the tube A, 
The difference in level of the mercury surfaces 
is then measured to obtain the difference 
between the pressure of the enclosed gas and 
that of the atmosphere. 

It is more usual, though, when using the 
second method to arrange that the tube B 
acts as a barometer, i.«. has a vacuum above 
the mercury surface. The top of 13 is made 
so that it can be closed, «.<// by means of a 
ground-in stopper with a mercury seal. The 
mercury reservoir is raised, both A and B 
being open at the top, until B is completely 
filled with mercury. The top of the tube B 
is then closed, and on lowering the mercury 
reservoir the mercury level falls in B, leaving 
a vacuum above the mercury surface. 

The gas to bo measured is drawn into A by 
1< i weri ng the mereu ry roservoi r, A be in g 
initially full of mercury. The tap at the top 




812 


VOLUME, MEASUREMENTS OF 


M 


U. 


A 


of the gas burette is then closed and the 
mercury reservoir adjusted until the mercury 
surface in A stands at the selected mark. The 
difference in level of the mercury surfaces in 
A and B then gives directly the pressure of 
the gas enclosed in A. 

When using the above “ constant volume ” 
method the graduated tube A may conveniently 
be replaced by a bulb of convenient capacity 
sealed to a capillary tube carrying a gradua- 
tion mark on which the mercury surface is 
always set when making a measurement. 
Another alternative is to use a cylindrical 
bulb which has small pieces of opaque glass 
sealed to the inside and bent downwards so 
that the tip, which is drawn out to a point, 
is vertical. Several such indicators may be 
placed at different heights within the bulb. 
When making a measurement the mercury 
surface is adjusted until the point chosen as 
the reference mark coincides with its image 
in the mercury surface. 

The necessity for making observations of 
temperature and pressure may be eliminated 

if absolute volumes are 
not required, but merely 
a series of volumes which 
are comparable with each 
other, e.g . in determining 
/\ a a ii the percentage composi- 

j A tion of a gas it is 

w eg ! sufficient to know that 

H I g the measured volumes of 

™ ™ the constituents are in 

the same ratio that they 
would bear to each other 
if reduced to standard 
conditions. Observations 
of temperature and press- 
ure may in such cases 
be avoided by the use 
of a compensating bulb, 
the principle of which is 
shown in Fig . 29. The 
tube A contains air and 
is connected to one limb 
of a manometer M, the 
other limb of which is 
connected to the tap 
at the top of the gas 
burette B. Before read- 
ing the volume of gas 
in B the height of the 
mercury reservoir R is 
adjusted so that the mercury surfaces in 
the manometer occupy definite positions de- 
fined by lines engraved on the manometer 
tube. The volume of air enclosed in A is 
thus kept constant, even though the tempera- 
ture of the water-bath and the pressure of the 
atmosphere may vary. The gas in B is always 
under the same conditions as to temperature 
and pressure, when readings are being taken. 



KJ 

Tia. 29. 


as the air enclosed in A. Since, however, the 
conditions of temperature and pressure are 
always such that the air in A occupies a con- 
stant volume, then it follows that the volumes 
measured in B on different occasions are strictly 
comparable, without applying any correction 
for temperature or pressure. 

Obviously, if the quantity of air in A is 
adjusted initially so that the mercury levels 
in the manometer are opposite the lines on 
the manometer tube when the air in A is at 
0° C. and under a pressure of 760 mm., then 
the volumes subsequently read off in B will 
be automatically corrected to these standard 
conditions. 

A compensating bulb is employed in Dr. 
Haldane’s apparatus, the potash absorption 
pipette being constructed in such a way as to 
serve also as the manometer of the compensat- 
ing tube. 

In cases where the gases to be measured are 
not dry it is important to ensure that they 
shall be saturated with water vapour when 
taking measurements of their volume. Correc- 
tions can then be applied by using the known 
values of the vapour pressure of water at 
various temperatures. Saturation is ensured 
by placing a small quantity of water above 
the mercury surface in the gas burette. In 
such cases if a compensating bulb is employed 
this should also contain sufficient water to 
ensure saturation of the enclosed air. Similarly 
a small quantity of water may with advantage 
be placed above the mercury surface in the 
barometer tube of <c constant volume ” ap- 
paratus. 

§ (23) Calibration of Gas Burettes. — Gas 
burettes are calibrated before assembling them 
in the complete apparatus. A two-way tap is 
sealed to the lower end of the burette. With 
the tap in one position the burette can be 
filled with mercury from a conveniently placed 
reservoir. By turning the tap into its other 
communicating position mercury can be run 
from the burette. A volume of mercury cor- 
responding to the interval to be verified is run 
out from the gas burette in the above manner, 
and weighed, the temperature of the mercury 
being also noted. Tables for calculating the 
volume of the mercury from the observed 
weight have been given previously (see Table 
0, p. 786). 

It is important that the tap for delivering 
the mercury from the burette should be sealed 
directly to the bottom of the gas burette. 
The use of rubber connections should bo 
avoided, as they are liable to lead to 
uncertainties owing to the expansion of 
the india-rubber under the pressure of the 
mercury. 

Gasholders. — The methods of measure- 
ment hitherto considered apply only to com- 
paratively small volumes of gas. Where large 
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quantities of gas have to be measured a useful 
forra of apparatus is that shown diagrammatic- 
ally in Fig. 30. The apparatus is constructed 
on the principle of the gasometer. In order to 
drive gas out of the holder A the weight W 
is adjusted so that the holder descends. The 
amount of gas expelled is determined by 
reading the difference between initial and 
final readings of the scale S 
against a fixed point P. The 
scale S may be calibrated by 
successive transferences of a 
known volume of air from a 
standard of convenient size, 
e.g. one cubic foot. Such a 
standard is shown, again 
diagrammatically, in Fig. 31. 
The end A is in communica- 
tion with a water reservoir 
which can be raised or 
lowered, and the end B may 
be put into communication 
either with the gasholder or 
the atmosphere. The vessel 
is filled with water to a 
fixed point C by raising the 
reservoir, B being in com- 
munication with the atmo- 
sphere. The reservoir is then 
lowered until the water sur- 
face is at a second fixed point D. The gas- 
holder is next connected to B and the 
reservoir raised until the water surface is again 
at C, thus transferring an exact volume of air 
to the gasholder. This process is repeated 
until the holder is completely calibrated 
throughout the length of the scale S. The 
pressure inside the gasholder must of course 
be atmospheric during the calibration. 

When using the gasholder to deliver meas- 
ured volumes of gas it is often necessary to 
maintain the pressure constant inside the 
holder during the whole of the time during 
which gas is being expelled. With the ap- 



paratus as shown in Fig. 30 the pressure 
would vary as the holder descended owing to 
the increased immersion of the walls of the 
holder in the water contained in the outer 
vessel. 

A simple way of maintaining a constant 
pressure is to hang a chain from a wheel 
concentric with the one shown in the figure 
and rotating with it. The chain 
is arranged to uncoil as the holder B 

ascends and to wind on the wheel I I 
when the holder descends. By 1—1 C. 
choosing a suitable diameter of 
wheel and weight of chain the 
change in pressure due to varia- 
tion in the amount of the 
holder immersed may he counter- 
balanced. 

A constant pressure may also 
be obtained by hanging a 
counterpoise weight from a cord 
which lies in a groove on the 
outside of a curved plate fixed to 
the axle of the wheel. The shape 
of the plate is such that as the 
holder descends the counterpoise 
weight acts at a less distance 
from the axis of rotation of the 
wheel. The shape of the curve and the mass of 
the counterpoise weight are adjusted to com- 
pensate for the variable immersion of the 
holder. 

Gasholders constructed on the principle of 
described, and fitted with suitable compensat- 
ing devices on the lines indicated, are used in 
the testing of gas meters. v. s. 


Hd 


Volume Measuring Meters, Automatic. 
See “ Meters,” § (32). 

Volumetric Glassware. See “ Volume, 
Measurements of,” § (9). ' 
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WATCHES AND CHRONOMETERS, 
RATING OF 

§ (1) Historical.- — 1 The rating, or determina- 
tion of daily rate, of ships’ chronometers has 
been carried out at Greenwich, on behalf of 
the Admiralty, for a very long period, but it 
is only sine© 1884 that any regular system 
of the examination of pocket watches for 
manufacturers or for the public has heen in 
existence in this country. 

For many years previous to this date the 
Swiss and French watch manufacturers had 
the advantage of being /ible to secure regular 
tests of their watches at the Besancym, Neu- 


chatel, and Geneva Observatories, and there 
is no doubt that this facility has largely con- 
tributed to the steady advance in performance 
of S wiss watches* 

In 1884 the Kcw Committee of the Royal 
Society began the testing of watches at Ivow 
Observatory, the trials being based upon the 
Swiss systems, and it continued to be carried 
out there till 1912, when it was transferred 
to the National Physical Laboratory* at 
Toddington, where increased facilities and 
improved apparatus were provided, 

§ (2) The Testing Equipment.— The tests 
are carried out in three rooms, each about 
10 ft. by 8 ft., in the basement of Rushy 
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House, where the diurnal range of temperature 
is comparatively small, the rooms being known 
as 44 cold,” 4 4 middle temperature,” and 44 hot.” 

The 44 cold ” room is mainly occupied by a 
large wooden-cased 44 refrigerator ” lagged 
throughout with flake charcoal, and divided 
by zinc linings and air-spaces into three 
compartments, the two exterior ones contain- 
ing blocks of ice on grids with necessary 
drainage. The middle one, furnished with 
sliding trays, is for the chronometers under 
trial. The temperature is maintained at about 
4.5° F. This chamber also contains dishes of 
potassic chloride to absorb the moisture, and 
maximum and minimum thermometer for the 
registration of temperature changes. 

Below this is a small steel safe, similarly 
fitted up, where pocket watches are kept 
at a temperature of 42° F. 

The 44 middle temperature ” room is also 
fitted with shelves for chronometers, and a 
steel safe for the watches, and is maintained 
at a temperature of about 70° F. by means of 
' three electric radiator lamps controlled by a 
sensitive thermostat and relay, the tempera- 
ture being recorded on a thermograph. 

The 44 hot ” room is on similar lines; the 
temperature, about 95° F., is obtained by 
means of a Fletcher hot-air gas stove, the 
supply of gas being controlled by a toluene 
thermostat, and a record of the temperature 
changes recorded by the thermograph. The 
range of 50° F. between the 44 cold” and 
44 hot” rooms is sufficient for all ordinary 
44 rating ” purposes. 

.The standard mean-time clock with which 
all comparisons are usually made is bolted to 
the substantial wall of the 64 middle tempera- 
ture ” room. The clock is of the 44 dead- 
beat ” (or Graham) type of escapement, with 
high numbered pinions and jewelled in sapphire 
throughout. It is weight-driven, the weight 
falling in a separate channel, and is furnished 
with a Riefler pendulum — invar rod with a 
brass lenticular bob — a syphon barometer and 
thermometer. The whole is rigidly fixed in 
an iron air-tight case, with a stout plate-glass 
front. The pressure is normally kept at about 
27 inches, any alteration of clock rate required 
being effected by slightly increasing or de- 
creasing the pressure. 

The dead-beat clock by French, London, 
which was the standard clock at Kew Observa- 
tory, is also bolted to the same wall, and serves 
as a subsidiary reference clock. 

Both clocks are furnished with a delicate 
electric contact which consists of a phosphor- 
bronze wire bent in the form of a semicircle 
and attached to the bottom of the invar rod 
of the pendulum. To the two horns of this 
a strip of platinum foil is fixed in tension. 
The system is pivoted and moves very easily 
and lightly in a vertical plane, the amount of 


drop being controlled by a detent. Below it 
a “gold” balance-wheel, finely pivoted and 
revolving freely and delicately, is fixed on 
a small adjustable carriage. As the thin 
platinum strip is carried to and fro by the 
pendulum it rubs very lightly over a small 
segment of the balance-wheel, thus making 
a contact of which the duration and intensity 
can he closely adjusted. 

As a check upon the small daily rate of the 
clock a time-signal is received daily from 
Greenwich through the G.P.O. at 10 a.m., 
and recorded direct on a Morse recorder, 1 

In addition to the Greenwich signals, a 
small 44 wireless ” receiving set is also installed 
to receive the 44 wireless ” time-signals from 
the Paris Observatory, and by means of a 
six-valve radio-frequency amplifier these signals 
can be recorded upon the Morse recorder in 
the same way as the Greenwich signals. 

§ (3) Method op Comparison. — Having re- 
ceived the time-signals and determined the 
small error of the reference clock, the daily 
comparison between the various timepieces 
under trial and the clock can be made. 

This comparison can be carried out in 
several ways, and different observatories and 
testing laboratories adopt differing methods, 
but those most generally employed are : 

(i.) By eye and ear comparison. 

(ii.) By photographic comparison. 

(iii.) By chronographic comparison. 

(i.) The first method is often adopted where 
a large number of comparisons have to be 
made, and where a very high degree of accuracy 
is not aimed at. 

(ii.) The 4 4 photographic” method is theoretic- 
ally the most satisfactory, as by it the personal 
element is eliminated, since the clock face 
and the dials of the watches to bo compared 
are all brought into the field of the camera 
and exposed simultaneously. The method, 
however, is not very largely used, as photo- 
graphic troubles and failures are not un- 
known, and also some time must necessarily 
elapse before the final positives are ready for 
examination. 

(iii.) The 44 chronographic ” system is the 
one most generally in xise in observatories, and 
by it the seconds marks of the standard 
clock and the corresponding time marks of 
the watches, etc., under trial are clearly defined 
on a paper sheet, and can b© readily tabulated 
or read off. 

The chronograph employed at the N.P.L., 
designed by Mr. J. E. Sears, Junr., Superin- 
tendent of the Metrology Division, consists of 

1 These signals are sent hourly from the Royal 
Observatory to the G.P.O., London, and thence 
distributed by means of the “chronopher” to the 
London district at each hour and to country districts 
i at ten hours and thirteen hours, the ten hours’ one 
1 having the largest distribution. 
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a drum 50 cm. long and 60 cm. in circum- 
ference, which is driven by a motor through 
worm-reduction gearing, at a uniform speed 
of two revolutions per minute, the motor 
itself running at 1800 r.p.m. The speed of 
the motor is controlled by a fairly heavy fly- 
wheel, on the face of which a small inertia 
bob is mounted at the end of a spring arm. 
As the speed rises this bob swings out, and 
eventually makes contact against a stop, thus 
short-circuiting a small resistance in the field 
of the motor, which accordingly tends to 
slow up until the contact is again released. 
The spring is so adjusted that at the required 
speed the contact is being continually made 
and broken. The control is in principle, 
though not in design, essentially similar to 
that described by von Helmholtz. In order 
to record the time there are two pointed 
tappers mounted together on a small carriage 
which traverses parallel to the axis of the 
drum through a distance of 4 mm. per revolu- 
tion. These tappers strike through a red and 
black typewriter ribbon, and are actuated by 
means of relays, the one from the standard 
clock, and the other by the observer, through 
a tapping key. The chart is thus covered 
with a series of red dots at 2 cm. intervals, 
representing the seconds of the standard clock, 
while interspersed between these are black 


BC F 



Fig. i. 


dots representing the times registered by the 
various movements u nder observatio n ( see 
Fig. 1), 

where A is the drum, driven by 

R the motor, and controlled through 
C the controller ; 

T> is the load- screw, carrying forward 
E the carriage for the pointed tappers, 
F typewriter ribbon. 

The comparison is made when the seconds 
hand of the chronometer or watch lies exactly 
over the fifth, twenty- fifth, and U >rty -fifth 
seconds line on the dial. These three posi- 
tions are thus syminetrically arranged round 
the dial. 


The mean of the three comparisons is taken 
(to the nearest 0*01 second), thus reducing the 
chance of observational error, and eliminating 
any effect due either to eccentricity of the 
seconds wheel or irregular dividing of the 
dial. 

§ (4) Duration- ou Trials. — T he trial for 
marine or ships’ chronometers is divided in 
five periods as below : 

10 daily rates at a temperature of 70° F. 

10 „ „ „ 45° 

10 „ „ „ 70° 

10 „ „ „ 95° 

10 „ „ „ 70° 

Ships’ chronometers are always used in the 
dial up or horizontal position, and arc care- 
fully swung and suspended in gimbals for 
this purpose. 

Hence with these instruments the tests are 
carried out in the horizontal, dial up, position, 
and the trial has reference only to variation 
of the daily rate, and to alterations of daily 
rate due to the changes of temperature, and 
not to positional errors. 

U alike marine chronometers, the pocket 
watch is liable to be used in several positions, 
the commonest being (i.) “ horizontally,” 

out of pocket, with the dial either up or 
down, and (ii.) “ vertically,” with the pendant 
or winding kn ob approximately upright 
in pocket use. Hence, in addition to being 
timed and adjusted for steadiness of daily 
rate, and for alteration of rate with, change 
of temperature, a high-class watch, has also 
to bo adjusted to have its rates as equal as 
possible in all the positions in which it is 
normally placed. 


The 

trials 

for 

watch cs then 

Tore 

include 

teats fa 

r posit; 

tonal ad j ustmonts. 



There 

are t\v 

o cl 

asses of trials, known at 

■I claws A 

and clans B, c 

lesigned to meet bol 

bh the 

■ 1 ugliest 

grade and those of 

a more ordinary 

type i 

of move- 

meat. 

The class A, 

which has always 

had the largest 

number 

of out 

ricH, 

is divided into 

8 HOC 

■tioris as 

below ; 






( 1 ) f> daily rate! 

s, in 

vortical position 

, with 

petulant 




up, at (>7°. 



(0 

I)o. 

in 

vortical position 

» with 

pendant 




right, at (>7'\ 



(»> 

Do. 

in 

vortical position , 

, with 

pendant 




left*, at (>7°, 


(4) 

Do. 

in 

ho rizonfal powi 

tion, 

dial tip, 




at >12". 



0) 

Do. 

in 

horizontal pos 

»+. IV T' 1 

it ion, 

dial up, 

(«'•) 

Do. 

in 

horizontal position, 

dial tip, 




at U2". 



(7) 

Do. 

in 

horizon tal pom hi 

ion, dial, down, 




at 07", 



(8) Ah 

No. 1, 

r> c 

laily rates, in ve 
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position, 




pendant up, at 07 
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The class B test, intended for a less highly finished 
watch, embraces 3 sections as below. 

(1) 14 daily rates, in vertical position, pendant up, 

at 67°. - 

(2) Do. horizontal position, dial up, at 67°. 

(3) 1 daily rate, dial up, at temperatures of 42°, 67°, 

92°. 

Marks. — In order to readily ascertain the relative 
performance of the class A watches, a system of 
marks is in use, based upon the scale 0 — 100. 

Under this scheme the absolutely perfect watch 
would receive 100 marks, and lesser degrees of 
excellence are marked accordingly. 

The 100 marks awarded to the theoretically perfect 
watch would be made up as follows : 

40 for a complete absence of any variation of the 
daily rate. 

40 for absolute freedom from change of rate with 
change of position. 

20 for perfect compensation for effects of temperature 
changes. 

Of course, the 100 will never be reached, but 
steadily and persistently the degree of performance 
has improved, until in 1920 the wonderful total of 
96-9 was obtained. 

For the past 10 years the highest number of marks 
awarded has been : 


1910 

. . . 93-2 

1915 . 

. . 95-7 

1911 

. . . 94-8 

1916 

. . 95-2 

1912 

. . . 96*1 

1917 

. . 96-2 

1913 

. . . 95 0 

1918-19 

. .95-5 

1914 

. . . 94-0 

1 1919-20 

. . 96-9 

* 



e- a. c. 


Water, Density oe, in grammes per milli- 
litre, tabulated. See “ Balances,” Table 

II. 

Water Meters. Sec “ Meters,” § (27), etc. 

Water- vapour (see also “ Air, Moist ”) : 

Addition of, to the atmosphere. See 
“ Humidity,” II. § (14). See also 
“ Vapour Pressure.” 

Density and pressure of, for saturation. 
See “ Atmosphere, Thermodynamics 
of the,” § (2), Table I. 

Effect of, on hygroscopic substances. See 
“ Humidity,” II. § (13). 

In the atmosphere : 

Absorption of terrestrial and solar radia- 
tion by. See “ Atmosphere, Thermo- 
dynamics of the,” § (10). 

Amount of, calculated from upper air 
temperatures. See ibid. § (12). 

Distribution of, in the upper air. See 
ibid. § (5), Fig. 8. 

Distribution of, over the globe. See ibid. 
§§ (3), (10) ; Fig. 5. 

Effect of, on lapse-rate of temperature. 
See ibid. § (6). 


Variation of, with height. See ibid. § (11). 
See also “ Atmosphere, Physics of,” 

§ ( 6 ). 

See also “ Humidity,” II. § (15). 

Latent heat of. See “ Atmosphere, Thermo- 
dynamics of the,” § (2). For de- 
terminations of, see “ Latent Heat,” 
Vol. I. 

Measurement of : 

Dew-point hygrometers. See “ Humid- 
ity,” II. §§ (l)-(3). 

Gravimetric method. See ibid. II. § (12). 
Hair hygrometer. See ibid. II. § (10). 
Volumetric method : 

Shaw’s apparatus. See ibid. II. § (13) 

(i.). 

Tyndall’s apparatus. See ibid. II. 

§ (13) (ii.)- 

Wet- and dry-bulb hygrometers. See 
ibid. II. §§ (4)-(9) and (11). 

Physical constants of. See “ Atmosphere, 
Thermodynamics of the,” § (2). 

Specific heat of. See ibid. § (2). For de- 
terminations of, see “ Specific Heat,” 
Vol. I. 

Weight of, in saturated air. See “ Atmo- 
sphere, Thermodynamics of the,” 
Table V. 

Wave-length oe Light: determination of 
the metro at the Bureau International dea 
Poids et Mesures. See “ Metrology,” § (4) ; 
also “ Line Standards,” § (7). 

Wave-length Rulings : suggestions for refin- 
ing line-standards. See “ Lino Standards,” 

§ (1) (vi-). 

Wave-lengths oe Lines in the Inera-rbd 
Spectrum. Langley’s method of deter- 
mination. See “ Radiant Heat and its 
Spectrum Determination,” § (22). 

Wave-motion in the Atmosphere. See 
“ Atmosphere, Physics of,” § (17). 

Waves : 

In the interior of the earth, transmitted by 
brachistochronic paths in accordance with 
the recognised principles of wave-motion. 
See “ Earthquakes and Earthquake 
Waves,” § (7). 

On an elastic solid. See ibid. § (6). 

Primary and secondary, in an earthquake : 
the two distinct parts into which the pre- 
liminary tremor, as recorded on a seis- 
mogram, can. be separated. See ibid. 
§ (4). 

Weather : 

Forecasting. See “ Atmosphere, Physics 
of,” § (20). • 

Types of. See ibid. § (19). 

Weighbridges. See “ Weighing Machines,” 

§(«)• 

Combination. See ibid. § (6). 
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WEIGHING MACHINES 

Ebom: the earliest known times, weighing 
instruments 1 have been used to determine 

contracts be- 
tween buyer 
and seller ; 
there is ample 
evidence of the 
use of the even- 
armed balance 
in the ancient 
Egyptian 
epoch, whilst 
the Roman 
steelyard by its 
name reminds 
us of its origin. 
The principle of 
weighing by 
the lever is at 
once the most 
ancient as it is the most accurate. The 
sensitive balances of the present day differ 
only in refinements 
of construction from 



for physical research-, including the com- 
parison of the Imperial Standards of Weight, 
down to those ordinarily employed by 
tradesmen. 

A beam-scale consists essentially of an 
equal-armed lever provided with a knife-edge 
pivot at its centre. The pivot is supported 
on a bearing in the pillar of the balance, or in 
a shackle suspended from an arm projecting 
from the pillar. Similar pivots are fixed at 
each end of the lever and equidistant from 
the centre knife-edge. These carry, respec- 
tively, the pans in which the weights and goods 
to be weighed are placed. The pivots gener- 
ally take the form of triangular or pear-shaped 
prisms, and ax'e fixed rigidly in the beam, 
projecting from each side in a horizontal 
plane at right angles to its axzis. The centre 
one has its knife-edge at the lower angle of 
the prism, whilst the end pivots have their 
edges uppermost. A pointer at right angles to 
the beam and projecting vertically above or 
below the fulcrum knife-edge, as the case may 
he, indicates the movement of the beam from 


their prototypes. The 
evolution of weighing 
instruments therefore 
offers little scope for 
reference, and one can 
properly embark at 
once upon a descrip- 
tion of modern appli- 
ances. 

The weighing in- 
struments here dealt 
with are those com- 
monly used in the 
British Isles, and 
typical varieties only 
are described and 
illustrated. 

§ (1) Beam-scales. 

• — Beam -settles arc the 
most sensitive weigh - 
i ng in st ru m on Us, and 
are invariably used 
when weighings to a 
line degree of accuracy 
{ire required. When 
especial care is taken 
in their design and 
construction they can 
be made sensitive to 
the addition of a 
weight equal to one 
two-mi 11 inn th part of 
the load weighed. 



There are ninny types, ranging from the 
del irate apparatus used by chem ists or 

1 For an account of weighing innehincB of hi^h 
accuracy see the article on 4 * balances." 


the horizontal. Types of bean* -scales are 
illustrated in Fiy*. 1 and 2. 

Various methods of fitting the knife-edges 
and bearings are adopted txnti have gi ven rise 
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to terms which, specify the type. For example, 
there is the “ box-end ” beam {Fig. 3), in which 
the knife-edges pass through a box-like or 
bifurcated end of the beam ; the 66 agate-box 55 

beam [Fig. 4), in 
which agate bearings 
are fitted in brass 
or iron boxes ; the 
cc Dutch-end 55 beam 
{Fig. 5), in which 
case the end bearings 
are fixed in side plates 
bolted together across the beam to form a 
shackle ; and the “ swan-neck ” beam {Fig. 6), 
now disallowed in the smaller capacities, in 
which the ends are curved and slotted, the 
bottom of the slot forming a knife-edge. 
Lastly, there is the “ continuous knife-edge 55 
beam {Fig. 7), which * has the distinctive 
feature that the knife-edges bear along their 
whole length, and which is used for the most 
sensitive balances. 


Fig . 2 represents a 



commercial balance of 
the highest degree of 
accuracy, constructed 
to weigh bullion up to 
5000 oz, Troy. It is 
sensitive to the addi- 
tion of 2 grains to 
either pan when fully 
loaded, that is, when 
weights approximating 
to 3 cwt. are suspended from each end of 
the beam. The beam is of gun-metal, open 
pattern, and cored out in the middle so as 
to allow the saddle at the top of the stand to 
pass through the beam and afford a continuous 
bearing for the fulcrum knife-edge. The end 
knife-edges are also of the continuous type 
and have flat steel bearings in the upper part 
of the suspension links. The flat hearing is the 
simplest as it is also the most desirable form 
of bearing. Its use allows free rotation of the 

knife-edge on its hear- 
ing, and rolling friction 
rather than sliding 
comes into play. To 
relieve the knife - edges 
from wear when the 
balance is not in use 
a triangular frame is 
provided and is lifted 
and lowered by a cam 
action operated by a handle at the front 
of the balance. The frame moves vertically 
in roller guides fixed on the stand. On the 
upward movement of the frame the vertical 
crutches near its ends first lift the end bearings 
off their knife-edges. As the frame continues 
its upward motion the upright pins near its 
ends engage in cups in the studs which project 
horizontally from the beam, and lift the 
fulcrum knife-edge from its bearing. In 



addition to relieving all the knife-edges, when 
not in use, this arrangement serves to prevent 
the accidental overthrowing of the beam from 
its support, a provision which is very necessary 
when flat bearings are employed. The end 
knife - edges are adjusted and retained in 
position by set screws which bear against the 
oblique sides of the triangular prisms. A 
small weight on a vertical stem above the 
centre knife-edge can be raised or lowered 
to' adjust the centre of gravity of the beam, 
whilst the small vane can be revolved to 
compensate slight differences in the “ balance 95 
of the instrument. Pan 
rests, operated concur- 
rently with the sliding 
frame, and levelling 
feet are other refine- 
ments in the construc- 
tion of this balance. 

The knife-edges and 
bearings of beam-scales, and for that matter of 
all weighing appliances used in trade, are 
required by regulation to be of hard steel or 
agate. The reason for this is twofold : (a) 

To maintain the relative distance apart of the 
knife-edges, the alteration of which seriously 
affects the multiplication of the beam or levers, 
resulting in errors in weighing ; and {b) to 
eliminate, as far as practicable, the friction 
between knife-edge and bearing which militates 
against the sensitiveness of the instrument. 
Agate is used much less than steel, and by 
custom is restricted to 
instruments of compara- 
tively low capacity. 

Agate bearings are most 
frequently used in con- 
junction with steel knife- 
edges. Agate knife- 
edges are only inserted 
in chemical balances and 





in balances of low capacity used in scientific 
investigations : their brittle nature renders 
them unsuitable for use in trade appliances. 

§ (2) Requisites of a Good Balakok.— 
The conditions which must be satisfied in 
the construction of a beam-scale, and winch 
apply, inter alia , to every type of lever weighing 
instrument, are : 

(i.) Truth , i.e. the beam, when at rest, 
must be horizontal both when unloaded and 
when equal masses are suspended from its 
terminal knife-edges. 

(ii.) Stability , i.e. the beam, if deflected 
from its position of equilibrium, must return 
to the original position of rest. 

(iii.) Sensitiveness , i.e . a small difference 
between the loads suspended from the terminal 
knife-edges must cause an appreciable devia- 
tion of the beam from the horizontal. 

To satisfy the conditions of truth, it is 
necessary that the moments of the weights 
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of the arms of the beam around the fulcrum 
should be equal, and that the terminal knife- 
edges of the beam, from which the pans are 
suspended, should be equidistant from the 
fulcrum. 

The quality of stability is secured when 
the point of suspension (i.e. the fulcrum) is 
above the centre of gravity. If the centre 
of gravity is coincident with the centre knife- 
edge of the beam., then its equilibrium will 
be neutral, and the beam will remain in any 
position in which it is placed. Such a balance 
is wanting in proper action. If, on the other 
hand, the centre of gravity of the beam, when 
horizontal, is immediately above the fulcrum, 
the beam will be unstable, and will overturn 
upon the slightest displacement from the 
horizontal. The attainment of equipoise in 
such a case would be extremely difficult. 
But if the centre of gravity of the beam, when 
horizontal, is immediately below the fulcrum, 
the beam will rest in that position, and if 
disturbed therefrom will vibi'ate and at last 
return to the original position of rest. 

The sensitiveness of a balance depends upon 
several factors, which may be conveniently 
demonstrated as follows : Let APB {Fig. 8) 
be the beam of a balance, and W its weight, 
concentrated at its centre of gravity CL Let 
L be the length of the arms, assumed equal ; 
and let the points A, F, and B, Le. the three 
knife-edges, be all in the same plane. The 



beam has free movement about its fulcrum F, 
and the centre of gravity is at a distance d 
from P. Let a small weight p bo added to 
the pan suspended from the knife-edge B ; the 
balance will turn through an angle a, and, 
assuming the scale pans equal, the equation of 
moments will be 

p/ B'E=W. G'R. 

But B'E = L cos a, 

and G'R = G'F sin a = d sin a. 

p Tj 

* • tan a - w d . 

Now tan a/p is a measure of the sensitive- 
ness which is therefore equal to L/W d. The 


equation thus proves that the sensitiveness of 
a balance is proportional to the length of the 
arms, and inversely proportional to the dis- 
tance of the centre of gravity from, the fulcrum, 
and to the weight of the beam. 1 

In practice it is usual to construct a balance in 
such a way that when unloaded the fulcrum knife- 
edge is slightly below the line joining the other two. 
The beam bends slightly under the load, thus lowering 
the outer knife-edges and bringing the three more 
nearly into line- When this condition is reached 
the sensitiveness is independent of the load. 

Summarising the above statements it is 
found that the requirements of a good balance 
are : 

(i.) The arms of the unloaded beam must 
have equal moments around the fulcrum, and 
the pans must be of equal weight. 

(ii.) The distance between each terminal 
knife-edge and the fulcrum must be equal. 

(iii.) The centre of gravity must be below r 
the fulcrum. 

(iv.) The smaller the distance between the 
centre of gravity and the fulcrum the greater 
the sensibility. 

(v.) The longer the beam the greater the 
sensibility. 

(vi.) The lighter the beam the greater the 
sensibility. But care should be taken not to 
make the beam so long or so light as to 
materially aflect its rigidity. 

(vii. ) The fulcrum should be in, or some- 
what below, the line of the terminal knife- 
edges. 

(viii.) There should he as little friction as 
possible between the bearing surfaces at the 
three points of suspension. 

From what has been said, it would appear that if 
the arms of a balance be unequal correct weighings 
cannot be made thereon; but as the establishment and 
maintenance of exact equality in the arms is a matter 
of difficulty, one of two methods of avoiding all risk 
of error from this cause may be adopted. One is 
known as Gauss’s method, and consists of repeating 
the weighings, the weights and substance to be 
weighed being interchanged in the pans. Then 
if I? and Q be the apparent weights of a body of true 
weight W when weighed in the right and left pan 
respectively, l and r being the length of the arms, 

we have w rw 

— PZ, 

w*«pq, w«vpq; 

Thus the square root of the product of tlie two 
readings gives the true weight. In the second, 
Borda’s method, the substance to bo weighed is 
placed in one pan and the Beale balanced by any 
handy material in the other pan. The substance 
to be weighed is then removed and weights arc 
substituted until equilibrium is restored. The 
weights represent the weight, of the substance, the 

1 For a more complete discussion of the action of a 
balance see “ Balances/’ § (2). 



820 


WEIGHING MACHINES 


inequality of the arms of the beam, if any, having 
affected both operations in a like manner. 

§ (3) Counter Machines. — These are equal- 
armed weighing instruments of a capacity 
suitable for counter use, and with pans above 
the beam. They are largely employed for 
trade purposes in retail shops. From the 
standpoint of utility, and without reference 
to questions of accuracy or sensitiveness, the 
counter machine possesses an advantage over 
the ordinary beam-scale because the scale pans 
of the former are unencumbered by chains, etc., 
and articles can be placed on the goods pan, 
or the weights manipulated on the weights 
pan with greater rapidity. But this advan- 
tage is secured by a loss of sensitiveness, 
because it is evident that some means must 
be adopted to keep the pans in a horizontal 
position. Further, the means provided must 
permit of rotation of the parts, and as a con- 
sequence the increased number of knife-edges 
and bearing surfaces introduces additional 
friction. Fig. 9 is a perspective view of such 
a machine showing the stand in section and 
exposing the parallel motion mechanism. 



Fig. 9. 


(i.) The. Roberval Balance . — The counter 
machine in general use in this country is 
evolved from a balance invented by Professor 
Roberval, a French mathematician, in 1670. 
The original model was similar to the sketch 
in Fig. 10. The balance consists of a 



parallelogram ABDC, hinged at its corners, 
and movable in the vertical plane as shown 
by dotted lines in the sketch. Each of the 
horizontal sides is supported at its centre by 
fulcra F and F', resting in bearings in the 


vertical stand. The arms AF and BF are 
equal, and are also equal to CF / and DF' 
respectively. Similarly, the vertical sides AC 
and BD are each equal to the distance FF', 
and it therefore follows that whether the beam 
is horizontal or deflected at an angle to the 
horizontal, the sides AC and BD remain 
vertical and parallel to FF'. To each of 
these vertical sides is rigidly fixed a horizontal 
bar EH and KI. Then, if equal weights P 
and Q be suspended from any two points H 
and K respectively, the balance, if originally 
in equilibrium, will remain so, with the arms 
AB and CD horizontal. 

For let P and Q be weights which, when 
suspended from any two points * H and K, 
maintain equilibrium, suppose the balance 
slightly disturbed as shown by the dotted 
lines in the diagrammatic figure. Fig. 11, 
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and let p and q be the displacements of 
H and K, the points of application of the 
weights P and Q each measured in a vertical 
direction. 

The work done on P in rising a distance p 
is Pp ; the work done by Q in falling a dis- 
tance q is Q q, and since the balance is in 
equilibrium, these are equal. Thus Pp = Q //. 

But since the arms FA, FB, F'C, FT) are all 
equal, p is equal to q, each being equal to the 
vertical displacement of the extremities of the 
equal arms. 

Therefore P = Q or the balance remains in 
equilibrium from whatever points the weights 
are hung if they are equal. 

In the counter machine as evolved from 
the original Roberval balance, the horizontal 
arms projecting from the vertical sides of the 
parallelogram are replaced by horizontal pans 
fitted above the end knife-edges of the beam. 
This construction has the effect of minimising 
the. magnitude of the tensions and thrusts to 
which the beam and stay may be subjected. 
The extent to which the pan projects over the 
vertical side of the parallelogram corresponds 
to the length of the arm EH or KI, and the 
force resulting from a weight placed near the 
edge has the same effect as P or Q in the 
proof just given. 

The essential condition for accuracy in a 
counter machine is that the beam, stay, legs, 
and distance between the fulcra shall form 
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parallelograms. If this is not so, the indica- 
tions of the instrument, when a load is placed 
on the pan in any position other than vertically 
above the terminal knife-edge of the beam, 
will be inaccurate. 



A -well-known variation of the Roberval balance 
is called the Inverted, or Imperial machine (Fig. 12). 

It is, as its name implies, 
an inverted counter machine. 
The pans are above the beam, 
but the legs and stays, instead 
of being below the beam as in 
the ordinary counter machine, 
are above it. This construc- 
tion has several advantages, 
particularly in macliines of 
high capacity. The 


pans are nearer the 
floor or counter than 
in the ordinary pat- 
tern, thus facilitating 
FlQ. JLii. the weighing of heavy 

loads ; and the ver- 
tical distance between the beam and stay can 
conveniently be much longer than in the ordinary 
pattern, without affecting the height of the scale-pans 
from the floor or counter. The two outer pillars 
serve as 64 legs ” to the goods and weights pan in this 
type of machine. 

Prom the above explanation of the principle of 
the Roberval balance it will bo seen that certain 
thrusts and tensions, sometimes of considerable 
magnitude, are introduced along the beam and 
stay when the weights arc placed in certain positions 
on the scale-pans. These thrusts and tensions tend 
to grind the knife-edges on their bearings, a condition 
which is not conducive to accuracy nor favourable 
to the long life of the machine. In order to avoid 
this defect several constructions have been devised, 
but the only variation in use in. this country is the 
Reranger balance. 


(ii.) Ber anger Balance . — The mechanism of 
this machine is, in appearance, more compli- 
cated than that of the Roberval balance, but 
in reality is not so. The principle of placing 
the pans above the beam is retained, but all 
loads on the pans are transferred to sub- 
sidiary beams arranged below the main beam, 



which, in their turn, transmit a pull, always 
vertical and equal to the load, to the knife- 
edges of the main beam. By this arrange- 
ment the introduction of lateral forces is 
avoided. Fig. 13 illustrates the principle of 
the construction of this balance. 

§ (4) The Steelyard, or unequal-armed 
beam, is a type of weighing instrument which 


in point of antiquity vies with the equal-armed 
beam scale. Excellently constructed speci- 
mens, found at Pompeii, vary but slightly in 
general design and proportion from the in- 
strument of present- day manufacture. The 
steelyard finds favour among butchers for 
weighing carcases, and in other trades for 
weighing bulky articles which are easily sus- 
pended and which cannot be placed con- 
veniently upon a pan or platform. It is a 
compact and portable instrument, and does 
not require the use of loose weights. Steel- 
yards are not, in general, so accurate as equal- 
armed balances, for the following reasons ; 
(i.) A small weight on the long arm of the 
steelyard balances a heavy load suspended 
from the short arm, and consequently a very 
small error in the counterpoise weight causes 
a multiplied error in the apparent weight of 
the goods weighed, 
error or change in 
the length of the 
short arm makes a 
sensible error in the 
apparent weight of 
the goods weighed. 

One type of steel- 
yard is shown in 
Fig. 14. 

When equilibrium 
is established the 
forces acting on 
either arm are 
inversely propor- 
tional to their distance from the fulcrum. In 
practice the load is suspended from the goods 
liook, which is at constant distance from the 
fulcrum, and the poise weight is moved along 
the longer arm until the steelyard is brought 
into a horizontal position- The amount of the 
load is read from the numbered graduation at 
the position on the long arm at which the 
movable poise rests. The short arm being of 
constant length and the travelling poise of 
constant weight, it follows that the length of 
the long arm, that is, the distance from the 
fulcrum to the position of rest .of the poise, 
is proportionate to the load suspended from 
the goods hook, and, therefore, the long arm 
can be equally divided and graduated to 
represent the amount of the load which pro- 
duces equilibrium for any position of the poise. 
Occasionally steelyards are provided with a 
knife-edge with weights pan suspended from 
the longer arm, and loose weights arc placed 
in, the pan to balance the load. The dis- 
advantage of this system is that unless the 
loose weights are accurate and consistent 
among themselves, the error in the indications 
of the instrument is considerable on account 
of the great leverage they exert. As to the 
relative positions of the fulcrum, the terminal 
knife-edges (the notch or graduation on the 


(ii.) An extremely small 
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long arm at which the poise rests corresponds 
to a terminal knife-edge in a beam-scale), and 
the centre of gravity, the same laws apply 
to steelyards as to equal-armed beam-scales, 
which see above. 

§ (5) Platform Machines and Weigh- 
bridges. — Platform machines and weigh- 
bridges are types of weighing machines which 
are similar in principle, and differ from one 
another only by a capacity line arbitrarily 
fixed, and by the consequential differences in 
construction necessitated by the particular 
purpose for which they are designed. They 
are used in the main for weighings above 
1 cwt., and are composed of a goods platform, 
either at floor level or only slightly above the 
ground, and a steelyard or other form of 
indicator disposed at a convenient height, 
from which the weight of the goods is read. 
The platform machines used at railway stations 



for weighing luggage are a familiar sight, and 
hardly less so are the weighbridges, with plat- 
form sunk to road level and used for weighing 
cart-loads of coal, and those fitted with rails 
on which railway rolling stock is weighed. 

(i.) Types of Machines . — Types of platform 
machines are illustrated in Figs . 15 and 16. 

The perspective view in Fig . 16 shows that 
this type of instrument consists, in general, 
of a box or frame in which are suspended 
two or more levers. These have their fulcra 
bearing in shackles (a in Fig . 16) suspended 
from the framing. The platform on which 
the goods are placed to be weighed is supported, 
generally at four points, on knife-edges fitted 
into the levers (see b in Fig . 16). One of the 
levers projects from the box or frame, and is 
connected at its outer end by a connecting 
rod to a steelyard, which carries a poise weight 
or weights to balance the load on the plat- 
form. By this combination of levers a high 
mechanical advantage is obtained, and con- 
sequently a heavy load can he weighed against 
a comparatively light counterpoise weight. In 
the designing of platform machines a mech- 
anical advantage of 112 is frequently chosen. 


so that a counterpoise weight of 1 lb. will 
balance a load of 1 cwt. In the case of 
weighbridges a mechanical advantage of 1500 
is the average, although as high as 9000 is 
reached in some patterns. 

As in the counter machine, the practical 
consideration to be borne in mind is that the 



true weight of a load upon the platform of the 
machine shall be indicated, whatever may be 
its position thereon. This condition is arrived 
at in platform machines and weighbridges by 
so proportioning each lever that the pull on 
the connecting rod is the same whichever lever, 
or combination of levers, is brought into play. 
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For example, in Fig. 17, -which is a diagram- 
matic sketch of the levers of a platform 
machine, FAB and fab are two levers whose 
fulcra are at F and / respectively. The dis- 
tance Fc ~fa, and FA —fb. The lever fb con- 
nects with the lever FB by a link at A. The 
downward pressure at B exercises a pull on 
the “ load. ” knife-edge E of the steelyard, the 
fulcrum of which is F, and which carries the 
poise weight P on the graduated arm FD, and 
counterpoise weights W suspended from the 
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Tig. 17. 

knife-edge D. Suppose, for illustration, that 
an article weighing 100 lbs. is placed on the 
platform. A portion of the 100 lbs. will act 
at c, and the remainder at a. If the distance 
FA=5Fc, and fb = 5fa, then the force at A 
will be -J- of the force at c ; and the force at 
b will be % of the force at a. Thus the whole 
effect is the same as if -J- of the article 
weighed were suspended at A. This result is 
quite independent of the position on the plat- 
form of the articles weighed. The 
of the load at A will produce 
a downward force at B, which, if, 
for example, FB be equal to 3FA, 
will be equivalent to -fa of the 
total load. The resulting tension 
in BE is balanced by the poise 
weights P and W, and the load is 
represented by the position of 
the poise weight P and by the A, 
magnitude of the weights W sus- 
pended from D. The levers FAB 
and fab are triangular in form, 
and being placed apex to apex they provide 
at the opposite comers four points of 
support for the platform, and no legs and 
stays are required to maintain the platform 
in the horizontal plane. The usual arrange- 
ment of levers in a weighbridge is shown 
in Fig. 18. The platform is carried on the 
knife-edges A, B, C, D. Two “ equal power ” 
triangular levers, having their fulcrums at 
A 1 B 1 and Cjliq respectively, transmit that pro- 
portion of the load which is borne by each to 
a third lever with its fulcrum in the frame at 
E ; this connects at its outer end to a rod 
suspended from the shorter arm of the steel- 
yard of the machine. In many cases an inter- 
mediate lever is introduced at the bottom of 


the steelyard pillar. The object of this is to 
still further increase the mechanical advantage 
of the machine, and to reduce the weight of 
the poise necessary to balance loads on the 
platform. 

(ii.) Sensibility . — The degree of sensibility 
which weighbridges attain is remarkable when 
one remembers the loads applied and the 
number and mass of the parts which form the 
lever system. It is not uncommon for a new 
weighbridge loaded with 50 tons to give a 
correct indication, and to be sensitive to the 
addition of 2 lbs. to the load. This accuracy 
would not be maintained, but with reasonable 
usage a weighbridge is a very durable machine. 
One factor which contributes to its reliability 
is the almost infinitesimal movement of the 
platform and load when weighings are taken. 
The vertical movement of the “indicating” 
end of the steelyard does not, in general, 
exceed one inch, and this movement is, accord- 
ing to the leverage of the instrument, some- 
where between one and nine thousand times 
that of the platform. 

(iii.) “ Vibrating and Accelerating Machines .” 
— All of the types of weighing instrument dealt 
with above, i.e. beam-scales, counter machines, 
steelyards, now ad- 
mitted to verifica- 
tion are constructed 
on what is known 
as the “vibrating” 
principle, that is to 
say, they are in 
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equilibrium when the beam or steelyard is 
in a horizontal position of rest, midway be- 
tween the upper and lower stops by which 
its movement is restricted, and return to this 
position when slightly disturbed. They are 
therefore stable machines. But the establish- 
ment of equilibrium in a machine of this type 
is an operation which is not conducive to 
rapid action, and having regard to the fact 
that platform machines and weighbridges are 
rarely, if ever, used where the question of 
determining exact weight to any great nicety 
is involved, and are frequently employed where 
rapid weighings are an advantage, these 
machines are, in this country, very commonly 
made unstable, or “ accelerating.” This 
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quality is secured by one of two methods. 
Either the centres of gravity of the levers and 
steelyard are located above the fulcrum knife- 
edges or the line of the terminal knife-edges is 
arranged above the fulcrum knife-edges. The 
effect of both these arrangements is to make 
the balance unstable and to cause the lever 
or steelyard when once moved from the 
horizontal position to continue to move with 
Cfi accelerated ” velocity until it is brought up 
by its stop. It is the practice to so arrange 
the steelyard that it is horizontal when on its 
lower stop, and consequently has movement 
one way only from the horizontal. An accel- 
erating machine indicates a “ correct ” weight 
when the steelyard gently rises from the lower 
stop to the full extent of its movement. 
Obviously such an instrument is not adapted 
for ascertaining the exact weight of an article, 
but where, as in the case of weighbridges, the 
degree of accuracy attainable is predetermined 
by the graduation of the steelyard, the 
divergence from absolute “ balance ” is of no 
great moment. Nevertheless, it must be added 
that in continental countries, in America, and 
in many English colonies all weighing instru- 
ments used for trade are required to be on 
the vibrating principle, and there can be no 
question that in regard to the construction of 
such instruments this principle is the proper 
one. 

(iv.) Methods of indicating the Load . — The 
arrangement and design of the lever mechanism 
under the platform of platform machines and 
weighbridges is practically stereotyped, and 
the variations encountered are confined to 
details. In the method of indicating the load, 
however, one meets with three main divisions, 
known respectively as the loose-weight type, 
the no-loose-weight type, and the self -indicating 
type. In the first of these patterns the load 
on the platform is balanced by counterpoise 
weights suspended from the end of the steel- 
yard in the manner illustrated in Figs. 15 and 
17, each weight representing a major unit or 
multiple of a major unit of weight. Inter- 
mediate loads are counterpoised by the jockey 
weight, which at its greatest distance from the 
fulcrum balances one major unit. For in- 
stance, a load of 30 cwts. would he balanced on 
a weighbridge provided with “ 1 ton ” counter- 
poise weights, by suspending one of the 
counterpoise weights from the end of the 
steelyard and moving the travelling poise 
along to the “ 10 cwts.” graduation on the steel- 
yard. The “ no-loose-weight ” type is an 
extension of the principle involved in the 
intermediate weighings on the loose-weight 
type. Here a larger travelling poise balances, 
at its extreme distance from the fulcrum, the 
whole of the load which the machine is con- 
structed to weigh. The load on the platform 
is balanced by moving the large poise along 


the steelyard and engaging the knife-edge, or 
nib, in one of the several notches cut on the 
top edge of the steelyard. Intermediate loads 
are balanced by a smaller travelling poise 
which operates along a bar attached to the 
steelyard. 

( v. ) Self -indicating Mechanisms . — Self -indi- 
cating mechanisms may be divided roughly 
into two classes. They are not, generally, so 
accurate as those requiring manual operation, 
but serve a useful purpose where quickness in 
weighings is a desirable factor. The demand 
for this type of instrument was for many years, 
and is now, to some extent supplied by indi- 
cators operating on the hydrostatic principle, 
that is, a cylindrical body suspended from the 
steelyard is partly immersed in a tank of 
water. On the application of a load to the 
platform the cylinder is lifted, thus displacing 
less water ; the downward pull it exerts on the 
steelyard, being the difference between its 
weight and the weight of water displaced, 
increases and the steelyard comes to rest in 
such a position that this increase just balances 
the effect of the weight on the platform. The 
movement of the steelyard is communicated 
by a cord wrapping round a spindle to an 
indicating finger attached thereto. The finger 
traverses a graduated dial and indicates the 
load on the platform. Some makers use a 
mercury cup instead of the water tank, but 
neither of the arrangements can be said to be 
reliable. In the second, and modern, type of 
self -indicating machine of this class a pen- 
dulum resistant to the load is employed. A 
heavy weight is suspended rigidly from the 
steelyard, and upon the application of a load 
to the platform moves to such a position that 
the forces about the fulcrum are in equilibrium. 

§ (6) Combination Weighbridge. — With 
the introduction into this country of long 
bogie trucks for carrying merchandise on rail- 
ways the necessity arose for the weighing of 
mixed trains, that is, trains made up of long 
bogie wagons and the usual two-axle wagons. 
To weigh these on a long single machine was 
a time-wasting and therefore costly process 
which involved uncoupling the wagons, 
weighing and recoupling. To obviate this 
work, the combination weighbridge was 
designed. In its modern form it consists of 
two or more weighbridges placed end to end, 
with, in some cases, a certain distance between 
them. All are connected, so that an indication 
of the total weight on the platforms, or the 
weight on each separate platform, or any 
combination of the platforms, is obtainable. 
Even the two unit machines did not com- 
pletely satisfy the demands arising from the 
complication of wheel-base dimensions, and 
the three-unit combination soon followed. An 
arrangement of levers in the latest type of 
triple weighbridge is shown diagrammatically 
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in Fig. 19. Each of the weighing units trans- 
fers its load by a connecting rod to the corre- 
sponding intermediate lever. The dead weight 
of the platform and levers being compensated 
by the attached balance lever, only the pull 
due to the load is transferred to the box lever, 
and from thence by the connecting rod in the 
pillar to the steelyard. To disconnect any one 


goods on the platform, tlib reading being in 
any one of the systems desired. 

(ii.) Printing Steelyards . — Provision for 
printing a record of the weight of goods is 
provided in some steelyards. In one form, a 
series of gun -metal figures corresponding to the 
various graduations is attached to the under- 
side of the steelyard. To obtain a record of 



of the bridges the appropriate handle under- 
neath the steelyard is pulled over. The cam 
attached thereto depresses the right-hand end 
of the balance lever, lifting up the left-hand 
end, which communicates its movement 
through chain links to the left-hand end of 
the intermediate lever. The end knife-edge 
of the latter is lifted off the bearing shackle 
suspended from the box lever, and the steel- 
yard movement is then independent of any 
load which might be on the disconnected 
weighbridge. 

§ (7) Modern Refinements. 

Standards . — Among 
the refinements of con- 
struction in platform 
machines and weigh- 
bridges the two out- 
standing are the intro- 
duction. of mechanism 
enabling readings of 
weight to be taken in 
two or more standards, 
and the attachment of 
recording apparatus. 

One method of secur- 
ing an indication of 
weight in three standards, e.g. English, Metric, 
and Egyptian, is illustrated in Fig . 20. A 
polygonal bar having notches, and graduated 
according to the different systems on its 
various faces, is supported by conical bearings 
alongside the steelyard. ’When it is desired to 
change from one standard of weight to another, 
a thumb-screw is loosened and the “ polygonal 
bar ” is revolved until the appropriate notches 
are underneath the nib of the travelling poise. 
The bar is then secured in position, and the 
balanced steelyard indicates, by the position 
of the large and small poises, the weight of the 


weight a ticket is inserted in the slot in the 
travelling poise, and by the pulling over of 
the handle immediately beneath the slot, is 
impressed against the metal figures, which cut 
a record of the weight upon the cardboard 
ticket. In another printing device, gun-metal 
discs, having figures engraved on their peri- 
phery, are caused to revolve by movement of 
the travelling poises. When, equilibrium is 
established a ticket is inserted in the slot and" 
is immediately over the figures corresponding 
to the notches in which the several poises rest. 
A pull over of the handle presses the ticket on 
to the engraved figures. In some instruments 
a continuous cardboard tape is used instead of 
the separate tickets, and provides a complete 
record of weighings taken in a given period. 

§ (8) SELE-iNDiCATm g Scales. — A notice- 
able modern develop- 
ment in weighing 
machine construction is 
that of the self -indicat- 
ing instrument. The 
prototype of this class 
is the spring balance, a 
familiar departure from 
the leverage principle 
upon which weighing instruments are, in the 
main, constructed. Seif-indicating mechanisms 
applied to weighbridges have been dealt with 
above, and the remarks following concern only 
the smaller capacity instruments for counter 
use. These comprise a weighing lever or 
levers associated with a pair of springs, 
or with a pendulum weight, as the final 
resistant. The latter is the more numerous 
class, and the one which calls for explanation. 
The principle is illustrated in Figs. 21 and 
22. In Fig . 21 a simple Roberval balance 
mechanism is connected with a pendulum 


(i.) Multiple 



Pig. 20. 
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resistant. On the application of a load to 
the goods pan. the force transmitted to the 
short arm of the bell-crank lever causes the 
latter to take up a position such that the 

pendulum boh has an 
equal moment around 
the fulcrum. The indi- 
cator is rigidly fixed to 
the bell-crank lever, and 
traverses a graduated 
dial to register the load 
■weighed. Equal incre- 
ments to the load in 
the pan produce equal 
increments of moment 
to the pendulum, but 
the consequential unequal radial movements 
of this member, which are projected directly 
on the graduated arc by the indicating finger, 
involve unequal divisions of the scale. 

This inequality is 
avoided in many 
of the types of 
self -indicating 
scale by transmit- 
ting the pull of 
the final weighing 
lever to the pen- 
dulum lever by 
means of a flex- 
ible metal band 
passing over a 
cam attached to 
the lever arm (see 
Fig. 22), the con- 
tour of the cam 
being arranged to give a decreasing moment arm 
as the load is increased to compensate for the 
decreasing radial movements of the pendulum. 
With some instruments of this type is asso- 
ciated a price-computing device. A vertical 
rack is attached to the end of the weighing 
lever and imparts its motion, through the 
medium of a pinion on a horizontal shaft, to a 
light and carefully balanced .drum whose axis 
is the before-mentioned horizontal shaft. On 
the outer surface of the drum are printed 
the range of weight values corresponding 
to the capacity of the instrument, and 
the money value of goods corresponding to 
different rates per pound. The side of the 
casing which is nearer to the seller is pierced 
centrally by two slots, one a vertical slot 
through which the weight is read on the drum, 
and the other a horizontal slot, half of it on 
each side of the vertical slot, through which 
the money values of the goods, corresponding 
to the different rates per pound, are read. The 
weight of the goods and the money value are 
recorded by an indicating wire stretched taut 
in the casing and fixed in front of the drum. 
On the side of the casing nearer to the buyer 
there is a vertical slot, through which the 


weight of the goods can he read on the 
drum. 

§ (9) Special Devices, — Many and varied 
special types of weighing instruments have 
been introduced in recent years. Particularly 
noticeable are the efforts which have been made 
to expedite the operation of weighing by the 
introduction of machinery, more or less com- 
plicated, which renders the instruments to a 
great extent self-acting. Among these may be 
mentioned those which have for their object 
the weighing out of quantities of goods in great 
numbers of the same weight ; those con- 
structed to weigh many loads of varying weight 
in succession, and present the total weight at 
the end of a day’s work ; and those which 
determine the amount of material carried by 
a continuously travelling band in any given 
period, as, for example, the amount of coal 
passed into bunkers, or from bunkers to boilers. 
The adaptation of weighing instruments to 
other uses than the indication of weight lias 
produced instruments to indicate the number 
of loads weighed ; to indicate the weight of a 
quantity of articles from the weight of one ; 
to indicate the percentage constituents in an 
alloy; and to indicate the number of articles 
in an unknown quantity placed upon the scale. 
Considerations of space prevent more than a 
passing mention of these appliances, but all 
embody the physical principles involved in the 
simpler instruments. a. a. o. 


Weighing Machines, Multiple Standard, 

for weighing in two or more units. See 

4C Weighing Machines,” § (7). 

Weighing Meteks fob Liquids (Automatic). 

See 44 Meters,’ 5 § (6). 

Weights, Adjustment of. Sec “ Balances,” 

§( 12 ). 

Coated. See ibid . § (9). 

Material for making standard. See ibid. 
§ («)■ 

National Standard, recompared with the 
international prototype kilogramme and 
found, in half the cases examined, to 
agree with the initial value at the time of 
formal issue, to within ±0-000010 gramme, 
i.e. to within 1 part in 10 s . See ibid , 
8 ( 8 ). 

Of rock-crystal (quartz) made by J. Ncmetz 
(Vienna) and Laurent (Palis). See ibid . 

§ ( 9 ). 

Shape and design of. gee cc Balances,” § (X 1). 

TJncoated polished brass, variation of mass 
of, tabulated. See ibid. § (8). 

Weights and Measubes : 

Legal denominations of. See 44 Metrology,” 

§ ( 11 ). 

TJ sed in trade, control of. Testing authorities. 
See ibid. § (10). 
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Wet- and Dry-bulb Thermometers. See 
“ Humidity,” II. § (4), “ Meteorological In- 
struments,” II. § (7). 

Whitworth Standard Thread. See 
“ Gauges, ” § (44). 

Wind : 

Condition for no variation with height. See 
“ Atmosphere, Physics of,” §§ (10), (11). 
Effect of, on dew-point hygrometers. See 
“ Humidity,” II. §§ (2) and (3). 

Effect of rotation of earth on. See “ Atmo- 
sphere, Physics of,” § (8). 

Relation of, to distribution of pressure. 
See “ Atmosphere, Thermodynamics of 
the,” § (8). 

Relation of horizontal to vertical, for typical 
distributions of velocity. See ibid. 
§ (16). See also “ Atmosphere, Circu- 
lation of the.” 

Variation with height : 

Effect of eddy -motion on. See “ Atmo- 
sphere, Physics of,” §§ (12), (13), 14. 

Effect of temperature -gradient on. See 

ibid. § (10). 

Eormulae for. See ibid. §§ (12), (14). 

In the stratosphere. See ibid. § (II). 


In the surface layers. See ibid. § (14). 

In the troposphere. See ibid. §§ (10), 
( 12 ). 

See also “ Anticyclone,” “Cyclone,” “ Cyclo- 
strophic Wind,” “ Geostrophic Wind,” 
“ Gradient Wind.” 

Wind, Direction or : 

Measurement of : 

At the surface. See “ Meteorological 
Instruments,” IV. § (21), etc. 

In the upper air. See ibid. § (35). 

Self-recording instruments for : Baxendeil, 
Becldey, Casella, Dines, Halliwell, 
Munro- Hooker. See ibid. § (22) (ii.)- 
(vii.). 

Wind - vanes. See “ Meteorological Instru- 
ments,” § (21). 

Wind Velocity : 

Measurement of, at the surface. See 
“ Meteorological Instruments,” IV. § (16), 
etc. 

Measurement of, in the upper air, by Darwin- 
Hill mirror. See ibid. § (35). 

Relation to atmospheric pressure and density. 
See ibid. § (16). 


Z 

Zones as used in connection with Screw Threads. See “Metrology,” VII. § (25) (ii.). 
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